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ABSTRACT 
The work described in this thesis involved an investigation 
of the relative merits of selected inexpensive room temperature 
detectors for use in visible and near infrared astronomical 
photometry of bright stars. Two of the detectors were lead 
sulphide photoconductive types, two were silicon p-n junction 
detectors operated in the photovoltaic mode and the fifth was a 
p-i-n photodiode. Measurements of signal to noise ratios enabled 
one of these detectors - a silicon photovoltaic type - to be 
selected for use in the field. The signal and noise data were 
collected digitally and computer analysed. 
A simple, yet effective single channel photometer was 
designed and manufactured to carry the chosen detector on the 
University of Wollongong's 25 cm telescope. Its design 
incorporated two novel features : an adjustable magnetic mirror 
latch and the ability to adjust the position of the detector 
linearly in three orthogonal directions. Movement of detectors 
in the xy plane was achieved by means of a spring-loaded detector 
mount attached to an xy micrometer, whilst mounting detectors in 
screw-locked nylon plugs permitted movement in the third 
dimension parallel to or along the optic axis. The ability to 
freely move the detector enabled the signal to be optimized quite 
readily. 
The stars Sirius, Arcturus and Canopus were chosen to test 
the selected detector and system, however, absolute measurements 
were not made. 
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CHAPTER 1 
1. INTRODUCTION 
The infrared region of the electromagnetic spectrum provides 
information [1-6] in wide ranging areas of interest : from 
chemical spectrophotometric analysis in industry, for example, to 
military and purely scientific usage in the areas of nocturnal 
imaging and satellite reconnaisance of the earth's surface for 
resource discovery and evaluation. 
The present visible-near infrared study was undertaken to 
establish facilities and skills at The University of Wollongong 
to enable laboratory and field appraisal of the relative merits 
of various room temperature detectors for astronomical photometry 
of bright stars. 
First, five detectors were examined under laboratory 
conditions and measurements made in order to determine relevant 
figures of merit. On the basis of these results it was possible 
to predict the most suitable detector for the project. Details 
of equipment used and methods employed are discussed more fully 
later. 
Next, a relatively simple, inexpensive but effective 
photometer was designed [7] and manufactured to accept the 
various detectors. The instrument was then aligned and "bench 
tested" before being put to use with the detector selected from 
the laboratory assessment. Further details relating to this are 
given later. The aim here was to show that the chosen detector 
and photometer could together produce sensible results when used 
in conjunction with The University of Wollongong's 25 cm 
telescope. No attempt was made to make precise astronomical 
measurements based on atmospheric extinction coefficients and 
variations in slant path, for example. It was envisaged that the 
photometer would eventually be used in the undergraduate teaching 
programme, when this type of measurement might be undertaken. 
Although it is customary to use a standard set of filters 
[8-10] for photometry, they were not used in this project since 
there was no intention to produce standardized results at this 
stage; merely a desire to see whether or not the apparatus would 
give rise to sensible data. The bandpass filters chosen for use 
were readily available at the time and could easily be replaced 
by a standard set at some future date if desired. 
The following relatively inexpensive detectors were selected 
for examination : 
Mullard 62SV 
Mullard RPY76 
Hewlett Packard 5082-4220 
Silicon Detector Corporation SD-041-12-12-011 
Silicon Detector Corporation SD-076-11-11-011 
The wavelength of peak response for this group of detectors 
occurs in the range 800 nm to 2,400 nm, as shown in table 1.1, 
whereas the peak wavelengths of the bandpass interference filter 
set used in this study ranged from approximately 435 nm to about 
945 nm. It was not possible, therefore, to examine some of these 
detectors under optimum conditions. Other details relating to 
these detectors are given in section 3.1.2. 
Table 1.1 
DETECTOR TYPE SENSITIVE AREA 
(square mm) 
62SV PC 36 
RPY76 PC 1 
5082-4220 PIN 0.2 
SD-076 PV 2.91 








KEY; PC photoconductive detector 
PIN p-i-n photodiode 
. PV p-n junction diode operated in photovoltaic mode 
It should be noted that in practice, the lead sulphide 
photoconductive detector has been almost completely replaced by 
the indium antimonide detector operated in the photovoltaic mode 
for astronomical observations at wavelengths less than about 5.5 
micrometre. [lO] Although the lead sulphide cells referred to 
above were not thought to be serious contenders for use in 
practical photometry from the outset, they did provide useful 
laboratory experience and also a basis for comparison with other 
more suitable detector types. 
The visible-near infrared spectral region of interest has 
experimental advantages in that it avoids the necessity to 
consider the problem of significant emission of infrared 
radiation by the apparatus itself - components do not need 
cooling, therefore - and the signal to sky background ratio is 
such that, for the bright stars chosen for testing, phase 
sensitive detection techniques may be employed quite simply and 
to good effect. The single-channel type photometer, however, has 
reduced observational efficiency [12] when compared with more 
sophisticated instruments and an inability to properly 
accommodate variations [13] in night sky brightness which might 
occur between successive exposures to star plus sky background 
and sky background. 
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2. THEORY 
2.1 Detection Processes 
2.1.1 Photoconductive Effect 
When photons of sufficiently high frequency (or short enough 
wavelength) fall on most semiconductors, there is a change in 
conductivity owing to the creation of electron-hole pairs (charge 
carriers) within the material. This change in conductivity, 
effected by incident photons, is known as the photoconductive 
effect and detectors making use of this process are known as 
photoconductive detectors. Majority carriers (electrons in 
n-type material and holes in p-type material) contribute the most 
to photoconductivity. [14] 
Intrinsic photoconductive excitation occurs when incident 
photons have energy E(p) greater than or equal to the forbidden 
energy band gap E(g). Incident photon energy is then absorbed by 
electrons in the valence band, causing them to pass into higher 
energy states in the conduction band, with resultant holes being 
left in the valence band. Both the electrons and holes 
contribute to conductivity. 
The process of photoconductivity is temperature dependent 
[15] and thermally excited charge carriers - both electrons and 
holes - always exist in semiconductors at any given operating 
temperature. It is the excess charge carriers which are created 
when the material is subjected to external stimulation of some 
kind, such as those formed by the absorption of photons of 
sufficiently high energy, which give rise to a change in 
conductivity and hence an indication that electromagnetic 
radiation is falling upon the detector. 
Photoconductivity is also a structure sensitive phenomenon, 
since structural defects [16] and impurity content both influence 
carrier lifetimes. Generally speaking, the majority carriers in 
semiconductors are electrons. Hence in order to have long 
electron lifetimes and therefore high gain [17], it is desirable 
to have crystal impurities with high capture cross-sections for 
holes and low capture cross-sections for electrons. Normally, 
the recombination of free electrons and free holes is more likely 
to occur via defect states in the forbidden zone rather than by 
direct recombination [18], since the former have higher capture 
cross-sections for free carriers. Recombination centres and/or 
traps within the material significantly influence the process of 
photoconductivity by capturing free charge carriers and thereby 
reducing carrier densities and lifetimes. 
In order to cause the required electron transition [19], 
across the forbidden energy band gap E(g) in an intrinsic 
semiconductor, the photon energy E(p) = hc/X must be greater than 
or equal to E(g) where h is the Planck constant, c is the speed 
of electromagnetic radiation in free space and \ is the 
wavelength of the photon. Hence the long wavelength limit, X(m), 
for an intrinsic semiconductor is given by X(m) = hc/E(g) and 
photons with wavelength greater than X(m) will have insufficient 
energy to create the necessary electron-hole pairs. 
The process of intrinsic photoconductivity is illustrated in 
figure 2.1, whilst the long wavelength limits for lead sulphide 
(of particular interest here) and silicon are given in table 2.1. 
Table 2.1 
MATERIAL TEMPERATURE ENERGY GAP WAVELENGTH LIMIT 
(K) (eV) (nm) 
Si 290 1.09 1100 
PbS 295 0.43 2900 
Extrinsic excitation, on the other hand, makes use of donor 
and/or acceptor levels intentionally incorporated into the 
forbidden energy gap through the addition of minute amounts of 
impurity to the semiconductor material at the time of 
manufacture. Incident photons which have insufficient energy to 
produce electron-hole pairs, as in the case of intrinsic 
semiconductors, are now able to produce either free electrons 
and/or free holes via the donor and/or acceptor levels. See 
figure 2.2. 
The introduction of impurity levels has the effect of 
increasing the long wavelength limit, when compared with the 
undoped intrinsic semiconductor, since the impurity activation 
energy E(i) is now less than the forbidden energy gap E(g). The 
long wavelength limit X(m) is therefore given by the equation 
X(m) = hc/E(i), where E(i) is less than E(g). 
2.1.2 Photovoltaic Effect 
Whereas in photoconductors, free charge carriers are 
produced and drift towards the contacts under the influence of an 
externally applied electric field, such as that arising from a 
biassing network, in the case of photovoltaic detectors the free 
carriers are separated by the internal electric field of the p-n 
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Figure 2.1 ; Intrinsic photoconductivity. Free 
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indicates the forbidden energy band gap 
>s cn 
t_ 
Q) C LU 
Applied Electric Field E < 
Fre^ Electron CONDUCTION BAND 
E(g) 
— — ^D^^Level 
' Photons. %—^ 





Figure 2.2 : Extrinsic photoconductivity. Impurity levels 
result in an increased long wavelength 
response, since the energy difference E(i) is 
less than E(g). 
junction.[20] The fact that there is no biassing network 
required with photovoltaic detectors distinguishes these 
detectors from the photoconductive types. Materials with 
potential barriers, such as p-n junctions, are an essential 
requirement if the separation of charge carriers produced by 
incident radiation is to give rise to the generation of a 
photovoltaic emf.[2l] 
At the time of formation of a p-n junction, electrons in the 
n-type material diffuse across the junction into the p-type 
material and holes diffuse in the opposite direction from the 
p-type region into the n-type region. The Fermi levels are 
aligned and an intense electric field, directed from the n-type 
region towards the p-type region, is set up at the junction. 
Under illumination, it is this internal electric field, at the 
p-n junction [22], which produces electron-hole separation, 
driving electrons to the n-type region and holes to the p-type 
region, thereby having a similar effect to the external bias 
needed for the operation of photoconductors. This process is 
illustrated in figure 2.3, 
Any fluctuations in current generated in the p-n junction as 
incident flux changes, give an indication that electromagnetic 
radiation of wavelength less than the long wavelength limit is 
falling upon the device. 
Although the p-n junction may be illuminated edge on, it is 
more usual for it to be illuminated through a very thin layer 
which has been diffused [23] into the surface of the intrinsic 
material, to form the p-n junction, as shown in figure 2.4. 
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Figure 2.3 ; Photovoltaic effect. An internal electric 
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Figure 2.4 : Construction of a typical p-n junction 
photovoltaic detector. The upper ohmic contact 
is an annulus (shown in section here). 
This gives the detector a much larger sensitive area. In either 
case, steps must be taken to reduce reflection off the diode 
surface in order to maintain high quantum efficiency.[24] 
The photovoltaic effect depends largely on minority carrier 
lifetime.[25] Of the photons which fall at or within one 
diffusion length of this junction, only those which create 
electron-hole pairs are relevant to photovoltaic action [26] and 
contribute to its efficiency, since both photoexcited electrons 
and photoexcited holes are needed for the intrinsic photovoltaic 
effect to be observed.[27] Likewise, recombination of 
electron-hole pairs before the charges have been separated at the 
junction or after they have separated but before being registered 
as such by the contacts also reduces the efficiency of 
photovoltaic detectors.[28] 
The forbidden energy gap defines the spectral response 
characteristics - there is a long wavelength limit - in a similar 
fashion to that which applies for intrinsic photoconductors as 
discussed earlier.[29] 
Most practical photovoltaic detectors operate by utilizing 
the intrinsic photoeffect at a p-n junction, however variations 
in structure are possible, which give rise to other related 
detector types. The p-i-n diode, discussed in the next section, 
is one such example.[30] 
2.1.3 p-i-n Photodiode 
This device operates in a similar manner to the p-n junction 
photovoltaic detector. Its structure differs, however, in that 
it is essentially a three layered device, with an intrinsic 
i layer of very high resistance [31,32] between the p and n 
layers, as illustrated in figure 2.5. 
In the silicon p-i-n photodiode, photons are incident upon a 
very thin p layer. Most photons pass through this layer and 
cause photoexcitations in the much thicker i layer, where the 
internal electric field causes the separation of electron-hole 
pairs.[33] The dark noise for this device, produced by minority 
carrier fluctuations and spontaneously created electron-hole 
pairs [34] is greatly reduced by the presence of the i layer, 
when compared with a similar p-n junction device. 
Although reflection from the p layer and absorption within 
it reduce the incident quantum efficiency, [35] it is the 
effective thickness of the i layer which determines the trapping 
efficiency of incident radiation. The effective thickness of 
this region may be increased by applying reverse bias. Careful 
choice of reverse bias voltage can lead to a slight increase in 
quantum efficiency.[36] The reversed bias also results in 
reduced carrier drift times and a higher speed of operation. The 
design of the device usually involves a trade-off between speed 
of operation and quantum efficiency with the result that the 
i region is often manufactured with a thickness 1/a , where "a" 
is the absorption coefficient for photon flux within the i region 
material.[37] 
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Figure 2.5 : Schematic diagram showing the cross-section of 
a p-i-n photodiode. 
Since bias introduces an undesirable dark noise current, for 
many applications, such as in astronomical photometry, the 
reverse bias technique is not used, [38] and the device is 
employed in its photovoltaic mode. This immediately eliminates 
the need for a power supply and points to one of the many 
possible advantages that this detector has in comparison with 
photomultiplier tubes. Other advantages relative to 
photomultiplier tubes include [39-41] lower cost, smaller size, 
easier mounting, greater ruggedness with respect to shock and 
vibration, greater stability with respect to time and 
temperature, insensitivity to magnetic fields, low noise 
equivalent power in the near infrared and more repeatable 
responsivity - even after temporary overload - as long as maximum 
power levels are not exceeded. 
2.2 Detector Noise 
The smallest detectable signal level [42] for any detector 
is determined by random fluctuations, called noise, which 
interfere with or obscure the desired signal. Noise may 
originate [43] in the detector itself, in the electronics 
associated with processing the detector signal or in the radiant 
energy falling on the detector. 
It is the aim of detector manufacturers and users to reduce 
the first two sources of noise, mentioned above, to a minimum so 
that the detector is ultimately limited by noise associated with 
photons which the detector receives from its surroundings -
called background. Under these ideal conditions the detector is 
said to be background limited. [44] 
If we assume that the temperature of the responsive element 
remains approximately constant, then there are four main additive 
component noise types which contribute severally to the total 
unwanted noise signal and appear along with the desired signal at 
the detector output. They are : 
(1) Johnson (or Nyquist or thermal) noise, 
(2) Shot noise, 
(3) Generation-recombination noise, and 
(4) 1/f (or current) noise. 
Only the first three noise types, listed above are considered to 
be inherently related to the detector materials under discussion. 
Shot noise is found to be negligible in photoconductors and 
generation-recombination noise is unimportant in photovoltaic 
detectors. [45] 
Long [46] claims that 1/f noise is a technological problem 
rather than a fundamental one and as such it varies greatly 
according to the processes employed in preparing contacts and 
surfaces. To date, no fully satisfactory theory appears to exist 
[47] to explain the origin of 1/f noise, however, it is thought 
to be related to electronic transitions involving surface states 
and/or potential barriers at the electrical contacts with the 
detector element. [48] This noise is frequency dependent, having 
0 
a power spectrum which varies approximately inversely with 
frequency, being of greatest importance at low frequencies and 
becoming negligible relative to other types of noise at 
frequencies greater than a few hundred hertz. 
The following equation [49] expresses the empirical 
relationship describing the mean-square 1/f noise current, i(f)^, 
i(f)2 = K , (1) 
f^ 
where K is a proportionality constant, I is the dc current 
flowing through the device, a is characteristic of the device 
(usually approximately 2), 3 is a constant (usually 
approximately 1), and Af is the electrical bandwidth. 
Let us now consider only the main sources of noise which 
originate within the detector types under discussion : 
(1) Johnson Noise 
This noise exists in all resistive materials above absolute 
zero temperature and appears as a fluctuating current or 
voltage.[50] It is frequency independent (white noise) and 
current independent and has been found to be a function of the 
resistive part of impedance (R), the absolute temperature (T) and 
the electrical bandwidth (Af) of the associated measuring 
circuit.[51] 
A detector producing Johnson noise may be represented by an 
equivalent circuit consisting of a current generator in parallel 
with a noiseless detector. The value of the equivalent 
mean-square current source needed, is 
i(j)2 = (4kTAf)/R , (2) 
where k is Boltzmann's constant. 
The random motion of each of the conducting electrons, which 
are constantly in motion and continually interacting with each 
other and also the atoms of the crystal lattice - even when no 
current is flowing in a sample of resistive material - gives rise 
to minute currents within the sample. Taken over a long period 
of time, they sum to produce no net current, however in the short 
term they give rise to the observed Johnson noise. 
(2) Shot Noise 
As charge carriers pass through the space charge region 
between the p-type and n-type regions, the quantum nature of 
charge, coupled with the independent and random nature of its 
passage shows up as a granulation effect or fluctuation in the 
current, called shot noise. Detectors having p-n junctions 
exhibit this noise and therefore it is an important noise 
producing mechanism in photovoltaic detectors.[52] 
The power spectrum of shot noise is flat (white noise) 
throughout the frequency range of practical interest, and has 
been found [53] to depend upon the direct current flowing (I) and 
the noise frequency bandwidth (Af). 
Mean-square current fluctuations are given by 
i(s)^ = 2qIAf , (3) 
where q is electronic charge. 
(3) Generation-Recombination Noise 
There is a statistical fluctuation in the free charge 
concentration in photodetectors, owing to the random thermal 
generation and recombination rates of charge carriers (background 
fluctuation noise is not considered here). 
This gives rise to generation-recombination noise, for which the 
short circuit mean-square noise current, i(gr)^, is given by 
[54,55] 
_ , (4) 
where I is the bias current, T is the carrier lifetime, Af is the 
noise bandwidth, (n = lit x electrical frequency, and N is the 
average total number of free charge carriers. 
From equation (4), it is apparent that generation-recombination 
noise is proportional to the square of the bias current, being 
"white" at low frequency and decreasing noticeably once the 
2 2 product w T becomes appreciable. 
By combining appropriate noise currents, we can obtain 
general expressions for the net noise currents in photoconductors 
and photovoltaic cells. 
For photoconductive detectors, the net noise current is given by 
i(pc)2 = i(j)2 + i(gr)2 4- i(f) 
4kT I H t K la 
R " N ( 1 + o j ^ t T ) + f 3 
Af , (5) 
For photovoltaic detectors, the net noise current is given by 
i(pv)2 = i(j)2 + i(s)2 + i(f)2 
Af , 4kT « ^ K Id + 2ql + R fe (6) 
Equations (5) and (6) point to the relative contributions made by 
the various sources of noise to the overall noise spectrum for 
photoconductors and photovoltaic cells. It is apparent that 1/f 
noise dominates at low frequencies and Johnson noise, which 
exists at all frequencies, becomes dominant at high 
frequencies.[56] Figure 2.6 shows the general relationship 
between total mean square noise current in photoconductors, 
and frequency, f. Note that generation-recombination noise is 
dominant at intermediate frequencies. 
vCurrent noise dominant 
gr noise dominant 
O) o Thermal noise 
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log f' 
Figure 2.6 : Typical noise current spectrum for 
semiconductors showing frequency dependence. 
At low frequencies, current noise dominates, 
whilst at high frequencies, thermal noise 
dominates. After Kruse, P.W., McGlauchlin, 
L.D. and McQuistan, R.B. Elements of Infrared 
Technology: Generation, Transmission and 
Detection. New York: John Wiley, 1962. p.231. 
2.3 Detector Figures of Merit 
A number of figures of merit have been developed to 
facilitate comparison between infrared detectors and to predict 
the performance of systems in which they are used.[57] Perhaps 
the most important are: 
(1) responsivity (R), 
(2) noise equivalent power (NEP), 
(3) detectivity (D), and 
(4) area notmalized detectivity (D"). 
2.3.1 Responsivity 
The responsivity of a detector is a measure of its 
electrical output per unit power input. If H represents the rms 
value of the fundamental component of irradiance on a detector of 
sensitive area A(d), for which the rms value of the fundamental 
component of the signal voltage is V(s), then the responsivity R 
is given by 
_ V(s) _ V(s) , (7) 
^ " P " H A(d) 
It is usual to indicate the conditions under which the 
measurement was made by specifying the wavelength distribution of 
the incident radiation (often a laboratory blackbody radiator), 
the frequency at which the radiation has been modulated, the 
amplifier electrical bandwidth and the detector bias (where 
applicable). 
Responsivity is not particularly useful for this application 
since it does not give an indication of the smallest radiation 
input which can be measured. [58] It is the amount of noise in 
the output of the detector which ultimately sets the limit to the 
minimum amount of flux which can be detected and not the 
electrical output per unit power input. 
2.3.2 Noise Equivalent Power 
This figure of merit takes the noise in the detector output 
into consideration. The noise equivalent power is the rms signal 
required to produce a signal to noise ratio of unity. It is 
therefore the radiation power which must fall on the sensitive 
area of a detector in order to produce an rms output signal V(s) 
equal to the rms detector noise V(n). Thus [59] 
NEP _ _P H A(d) 
V(n) " V(s) " V(s) 
_ H A(d) V(n) , (8) 
^^ ~ V(s) 
V(n) 
R 
As in the case of responsivity, it is customary to state the 
spectral distribution of radiation incident upon the detector, 
the chopping frequency, f, and the frequency bandwidth, Af, of 
the instrument used to measure the noise. Noise equivalent power 
is therefore often written in the form 
NEP (T,f,Af) 
where T represents the absolute temperature of a blackbody 
radiation source (in K), or the peak wavelength of a bandpass 
filter or line source (often given in nm). 
Note that the greater the detecting ability of a detector, 
the smaller the noise equivalent power. 
2.3.3 Detectivity 
The concept of detectivity was introduced by Jones [60] to 
give larger figures of merit for "better" detectors. Since 
detectors having the lowest values of NEP are considered to be 
"best", the detectivity of a detector is simply defined as the 
reciprocal of the noise equivalent power for that detector. 
D = , (9) NEP 
Once again, the conditions under which detectivity has been 
measured must be stated, as in the case of noise equivalent 
power. 
2.3.4 Area Normalized Detectivity 
Most detectors have a detectivity which depends on the 
sensitive area of the detector and the electrical bandwidth of 
operation. In order to permit useful comparison of most 
detectors of the same type but having different sensitive areas, 
[61] and to characterize the detector more in terms of the 
properties of the material of which it is made, area normalized 
detectivity, D", was defined as follows: 
D̂ ^ = D [A(d) Af]^ , (10) 
Here again, the conditions under which D" was measured must 
be stated. 
Determination of either noise equivalent power or its 
reciprocal, detectivity, is often considered to be of more use in 
judging the relative worth of detectors for astronomical studies 
since these figures of merit take the noise in the detector 
"output into consideration but ignore the factors introduced in 
the empirical relationship (10). 
2.4 The Sampling Theorem 
During the course of measurements, the detector output 
signal was fed to a lock-in amplifier and its output sampled by a 
digital voltmeter before being recorded on magnetic tape for 
future analysis by digital computer. In order to ensure that the 
discrete values recorded contained sufficient information about 
the original waveform, it was necessary to examine the system in 
relation to the sampling theorem.[62] 
With a filter roll-off of 6 dB per octave, the lock-in 
amplifier was found to have an equivalent bandwidth, EBW, given 
by 
EBW = 1/4T 
from the manufacturer's operating manual, where t is the lock-in 
amplifier time constant. This implies an approximate response 
cut-off frequency, f(c), given by: 
f(c) = 2EBW = 1/2T , (11) 
Suppose the signal waveform in the time domain is sampled 
with sample interval T. If T is chosen to be too large - that is 
there is an insufficient sampling rate - then the equidistant 
sampling pulses in the frequency domain become too closely spaced 
and the convolution with the frequency function results in an 
overlapping or aliasing. If aliasing does occur, then the 
sampling rate is insufficient. In order to avoid aliasing in the 
Fourier transform of the sampled function, discrete measurements 
must therefore be made at a sufficiently high rate. 
The sampling theorem states [63] that if the Fourier 
transform of a continuous function in the time domain is zero for 
all frequencies greater than a certain frequency, f(c), the 
cut-off frequency or highest frequency component of the Fourier 
transform of the function, then the continuous function can be 
uniquely determined from a knowledge of sampled values, where the 
maximum sample spacing interval is given by 
T = l/2f(c) , (12) 
The frequency 1/T = 2f(c) is known as the Nyquist sampling rate. 
Hence for a lock-in amplifier with time constant x, and a 
6 dB per octave filter roll-off, the maximum value of the 
sampling interval is found by substituting for f(c) from 
equation (11) into equation (12). Thus a sampling interval of 
T < T, (13) 
ensures that adequate information concerning the original 
function will have been preserved in the sampling process. 
In the experiment, the sampling interval T of the digital 
voltmeter was fixed at 0.2 s. Therefore it was necessary to 
exercise some care in selecting the time constant for the lock-in 
amplifier to ensure that the inequality (13) was always 
satisfied. 
2.5 The Chopper Factor 
Since the radiation incident upon the detector is 
mechanically chopped, it is of importance to know the waveform 
produced so that the rms value of the fundamental component of 
irradiance at the detector may be specified. It is known that 
the waveform generated by a mechanical chopper depends upon the 
geometry of aperture and toothed wheel. [64-67] In this work, 
radiation passing through a circular aperture was periodically 
interrupted by a rotating chopper blade. 
Hudson [66] defines a quantity x ^s the ratio of the angle 
subtended at the chopper blade axis by the circular aperture and 
by a chopper tooth-slot pair. The factor X may be written in the 
form 
^ . n D(a) , (14) 
^ " ir [D(c)-D(a)] 
where n is number of teeth (or slots) around the disk, D(a) is 
diameter of the limiting aperture of the source, and D(c) is the 
outer diameter of the chopper disk. Here the approximation 
requires that D(a) « D(c). 
A table [68] relating x to the corresponding rms conversion 
factor enables the rms value of the fundamental component of the 
wave to be found. The peak to peak amplitude of the wave, when 
multiplied by the conversion factor, gives the required rms value 
of the fundamental component of the wave. For the equipment 
used, D(a) « D(c), so 0, giving an approximate square wave 
with rms conversion factor of 0.45. This factor appears in the 
computer programme listed in Appendix A. 
2.6 The Lock-in Amplifier 
Lock-in amplifiers are specialized ac voltmeters which use a 
phase-sensitive detector (PSD) circuit consisting of a mixer 
followed by a low-pass filter to achieve synchronous 
demodulation. The mixer circuit lies at the heart of the 
instrument. If the ac input signal is synchronous with the 
reference channel in both frequency and phase, maximum dc output 
results. Background noise which accompanies the input signal, 
being random in nature, is not synchronous with the reference 
signal and averages to zero, since only the average value of a 
signal at precisely the reference frequency appears at the output 
after passing through the low pass filter. The main components 
of a lock-in amplifier are shown in figure 2.7. 
It is useful to be able to calculate the square wave input 
to a lock-in amplifier from the observed meter reading. 
When a sinusoidal wave is fed into the lock-in amplifier 
used in the experimental work (see later), it inverts negative 
half cycles [69-71] and reads the mean value. Since the lock-in 
amplifier meter is calibrated using a pure sine wave source it 
produces an rms value by means of a conversion factor - when the 
meter reads the mean, it converts it and displays the rms value. 
Phase Sensitive Detector A 
1. Signal Channel 3. Mixer 4. Low Pass Filter 
Figure 2.7 : Block diagram showing main components of a 
basic lock-in amplifier : the signal channel, 
the reference channel, the mixer, the low pass 
filter and the d.c. output amplifier. 
For an input sinusoidal wave of amplitude A, the rms value 
is given by 
V(rms) = A//2 , (15) 
and the mean value is given by 
V(mean) = 2A/TT , ( 1 6 ) 
From (15) and (16), the conversion factor is therefore 
IT/2/2 1.11, thus 
V(rms) = 1.11 V(mean) , (17) 
For an input square wave of amplitude A, the mean value is 
given by 
V'(mean) = A/2 , (18) 
Hence when the lock-in amplifier receives this input, it treats 
the wave as sinusoidal and multiplies by the appropriate 
sinusoidal conversion factor to arrive at the rms value which is 
displayed on the meter. Thus we see 
V'(rms) = 1.11 X A/2 = 0.55A , ... (19) 
The factor in (19) becomes 0.45A for a lock-in amplifier with 
tuned signal input since it is the fundamental frequency of the 
square wave which is analysed. 
For the instrument used in these experiments, which did not 
have a tuned signal input, the square wave input required to 
produce a given meter reading could be obtained by multiplying 
the observed reading by 2/2/IT - 1.80. Several experimental 
checks verified this. 
2.7 Photometry 
2.7.1 Introduction 
Astronomical photometry involves the measurement of 
electromagnetic radiation from stars and other celestial objects. 
In most cases, an examination of the brightness or luminosity 
with respect to wavelength or time is of greatest interest to the 
photometric observer. These measurements generally involve three 
phases: [72] 
(a) precise acquisition in the spectral band(s) of interest, 
(b) reduction of this flux to its value outside of the 
atmosphere, after careful calculation of a correction factor 
for atmospheric extinction, and 
(c) the transformation of data to a standard photometric system. 
A standard system of photometric spectral bands, similar to 
the U, B, V, R, I photoelectric bands [73], is often used for 
infrared measurements. The infrared filters are selected to take 
advantage of the atmospheric transmission windows and are 
similarly designated by letters. The letters J, H, K, L, M, N, Q 
and Z are used [74] to indicate some of the infrared spectral 
bands which result. The filters, aided by natural atmospheric 
windows, define these spectral bands. In this study, however, 
standard filters were not used since standard photometry was not 
the objective. 
By far the most useful detectors for photometry in the 
visible and near infrared spectral regions employ photoelectric 
processes. Photomultipliers, photoconductive cells, photovoltaic 
cells, bolometers and photodiodes, for example, are all employed 
with varying degrees of success according to the spectral region 
under examination. The degree of linearity of response of these 
devices, coupled with the ease of electronic amplification, 
reduce the problem of comparing stellar brightnesses to that of 
comparing electric currents. Linearity measurements were made 
for two of the detectors studied and the results appear in 
Chapter 4. 
2.7.2 Some Problems 
Transmission of electromagnetic radiation through the 
atmosphere varies according to wavelength.[75] Infrared 
radiation is attenuated due mainly to resonance-absorption bands 
of atmospheric constituents such as water vapour, carbon dioxide 
and ozone.[76] It is because of the unfriendly atmosphere - as 
far as infrared transmission is concerned - that the infrared 
astronomer is frequently forced to seek a dry high altitude 
terrestrial viewing site or a viewing platorm carried aloft by 
aircraft, balloon, rocket or satellite, since the concentration 
of atmospheric water vapour falls off rapidly with increasing 
altitude.[77] In the present visible-near infrared study the 
expected relative importance of atmospheric attenuation under 
varying conditions is as shown in figure 2.8. 
Sky noise may also be a problem. This is caused by sky and 
cloud emission, in the main, [78] although birds and insects 
flying over the telescope will also produce unwanted signal 
fluctuations. It can be quite high relative to the signal itself 
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Figure 2.8 : Atmospheric transmission at sea level over a 
0.3 km path. In curve A atmospheric 
precipitable water is lowest for the three 
curves whilst in curve C it is the highest. 
After Wolfe, W.L.(Ed.) Handbook of Military 
Infrared Technology. Washington, D.C.: Office 
of Naval Research, 1965. p.252. 
alternately sampling two adjacent parts of the sky (generally at 
low frequency, say, 13Hz) one consisting of sky and star signal 
and the other consisting of sky signal alone. This enables one 
to discriminate against the unwanted sky noise [79] by beam 
compensation, however, the technique was not employed in the 
photometer used for the present field studies. 
Background noise [80,81] in the form of infrared radiation 
from the detector environment (such as filters) is only a problem 
at longer wavelengths than those examined in this study. Cooling 
of detectors, filters and other system elements was therefore not 
required. 
2.7.3 Instrumentation 
(1) The Telescope 
Usually, refracting telescopes are not favoured for infrared 
work, particularly at long wavelengths, because of undesirable 
aberrations, reflection losses and absorption loss. Reflecting 
optics, on the other hand, is cheaper [82] and results in fewer 
losses. 
Accurate guidance [81] of the telescope is essential if 
worthwhile results are to be obtained. The best method involves 
photoelectric stellar tracking with a servo link to the telescope 
guiding mechanism. Unfortunately, this method of tracking was 
not available on the telescope used for field observations and it 
was necessary to rely on a synchronous motor drive controlling 
right ascension with fixed declination for the star under 
observation. 
Generally, the Cassegrain focus [83] is selected for 
experimentation, because of its convenience, though of course 
other configurations are possible. In this study the telescope 
was operated in the Springfield mode. Other details are given in 
Chapter 3. 
(2) The Photometer 
Perhaps the most important elements of this instrument are: 
finding-guiding eyepiece, focal plane apertures, filters and 
field (or Fabry) lens. These are discussed briefly below: 
(i) Eyepiece 
In order to be sure that the desired image falls on the 
selected aperture, and has not drifted during observations, it is 
necessary to momentarily insert a mirror into the beam and 
observe the star image against a set of cross-hairs in the 
eyepiece. The mirror may then be swung out of the way to make 
further photometric measurements. This system was employed in 
the photometer designed and manufactured for this project and has 
the advantage that the aperture does not limit the field of view. 
However, it does necessitate careful alignment [84] in the 
laboratory to ensure that the star image centred on the 
cross-hairs falls directly on the detector. 
Alternatively, the detector may be placed in a hinged mount 
which may be swung out of the way to permit its replacement by an 
eyepiece, also on a hinged mount. In this way, it is possible to 
check for the proper alignment of the instrument and/or an image 
drift, though of course the field of view may be aperture 
limited. 
(ii) Apertures 
A circular aperture is placed in the focal plane of the 
telescope to select only radiation from a particular star or 
point in the sky, however the actual aperture diameter used for 
any given observation depends on seeing conditions, stability of 
the telescope structure and image quality of the telescope.[85] 
The objective is to observe only the celestial object in question 
and to exclude light from adjacent stars in the sky without 
losing information through image wander or blurr. 
(iii) Field Lens 
The field lens images the telescope objective onto the 
sensitive element of the detector and "smears out" irregularities 
in illumination which might otherwise have occurred.[86,87] If a 
field lens is not used, uneven flux across the surface of the 
detector would produce unwanted signal variation owing to the 
fact that many detectors have elements exhibiting sensitivity 
contours.[88,89] One of the disadvantages of employing such a 
lens lies in the fact that it introduces a refracting element 
into the optical system with consequent energy loss. 
(iv) Filters 
Most photometers, such as the one described in this work, 
are single channel types,[90] which rely on sky and star 
remaining constant long enough for successive observations in the 
various spectral regions. Temporal variations of flux are such 
that errors may be introduced when observing very faint stars, so 
multi channel instruments do offer distinct advantages. In multi 
channel photometers, several filters are employed to make 
simultaneous measurements in the various spectral regions of 
interest. 
Detailed drawings showing the photometer designed for use in 
this work and the features of the instrument are shown in 
Chapter 3. 
2.7.4 The Stars 
Three bright stars were chosen to test the photometer and 
selected detector. Some details [91] relating to these stars are 
listed in table 2.2. Arcturus is regarded as a standard 
star [92] for infrared photometry, and has the fourth brightest 
apparent magnitude. Sirius, actually a double star, is the 
brightest visible in the sky. However, Sirius B, which is 
Sirius A's faint companion, is a white dwarf and contributes 
relatively little to the apparent magnitude. Canopus is the next 
brightest visible star after Sirius. 
Table 2.2 
DETAILS RELATING TO SIRIUS, CANOPUS AND ARCTURUS 
SIRIUS CANOPUS ARCTURUS 
Abbreviation aCMa aCar aBoo 
Constellation Canis Major Carina Bootes 
Apparent Magnitude -1.47 -0.71 -0.06 
Distance (light years) 8.7 180 36 
Absolute Magnitude + 1.41 -4.7 -0.2 






Blackbody Peak Wavelength 
at same temperature (nm) 310 390 660 
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3. EXPERIMENTAL PROCEDURE AND TECHNIQUES 
^ * ̂  Laboratory 
3.1.1 Preamble 
There are several papers [93-94] and textbooks [95-98] 
dealing with the various procedures for testing detectors, 
however the paper by Jones et al [93] still seems to be regarded 
as the general standard to which one would normally refer. This 
{)aper is authored by an international panel set up to propose 
more universally acceptable standards for testing infrared 
detectors and describing their performance. Only some of the 
parameters described in the paper were recorded in this work 
because many were considered to be irrelevant to requirements. 
Area normalized detectivity, D«, is the figure of merit 
often used when comparing isolated detectors since it takes into 
account the approximate half power dependence of detectivity 
upon detector area A(d) and electrical frequency bandwidth Af. 
Although noise equivalent power, NEP, was considered to be of the 
utmost importance for the task in mind, [99] as explained earlier 
in section 2.3.4, area normalized detectivity was eventually 
measured since the factor [A(d) Af]^ was not significantly 
different for the two detectors finally considered. Noise 
equivalent power measurements, and hence detectivity 
measurements, involve evaluation of signal to noise ratios -
a most important consideration for this work. Therefore, these 
measurements have the problems of elimination of electrical noise 
within the measuring system associated with them. 
An electrically noisy environment serves to increase the noise 
level in the system unless appropriate precautions are taken. 
For this reason, special attention had to be paid to the 
elimination of ground loops and to shielding.[lOO] 
Chart recorder traces were used to back-up the data recorded 
on magnetic computer tape and were monitored visually for signs 
of irregularities - noise generated or otherwise. These traces 
were also used to run spot checks on the validity of computer 
generated results. 
3.1.2 The Experimental Arrangement 
A block diagram showing the experimental arrangement is 
shown in figure 3.1 and important elements of the system are 
discussed individually below: 
(i) Calibrated Lamp 
A calibrated lamp, set up on an optical bench, was used as 
the radiation source. Lamp PT17161, was calibrated [lOl] to 
operate at a colour temperature of 2854 K when a current of 
4.715 A was flowing. This current was carefully monitored by 
measuring, and periodically checking, the potential drop across a 
standard 0.22 ohm wire resistor connected in series with the lamp 
by means of a potentiometer. The constant current power supply 
itself was monitored from time to time by recording and checking 
its output on the chart recorder over several hours. Values of 
spectral radiant intensity, supplied with the calibration data, 
have been plotted in the range 400 nm to 1,000 nm and are shown 
in figure 3.2. In accordance with the accompanying.report [lOl] 
K E Y : (1) Source enclosure 
(2) Earthed conductive enclosure 
Figure 3.1 : Block diagram showing the laboratory 
experimental a r r a n g e m e n t . 
01 
S E 
H HH CO z u H 2 
H Z < 
J < 
o: H o b] CUi 
CO 
2.4 -
2 . 0 -
1 . 6 -
1 . 2 -
0 . 8 -
0.4 -
500 600 700 800 900 1000 
WAVELENGTH (nm) 
Figure 3.2 : Output for calibrated lamp PT17161 over the 
wavelength range 400 nm to 1000 nm. 
from the (then) National Standards Laboratory, the lamp was 
always allowed to operate for at least 5 minutes before the 
commencement of measurements and the arrow inscribed on the cap 
was always facing the photometer. 
The calibrated source was placed inside a large, specially 
designed cardboard box 580 mm x 690 mm x 590 mm with blackened 
interior and baffles. This box was used to eliminate the effects 
of stray draughts on globe temperature - previously found to be 
troublesome - and to reduce the possibility of unwanted radiation 
reaching the detector from behind the source or via an indirect 
route. 
(ii) Radiation Modulator 
Radiation from the calibrated lamp was modulated by a 
toothed wheel chopper after passing through an adjustable shutter 
which was placed near the opening in the box. The commercially 
available chopper was modified by adding a CQYllB infrared light 
emitting diode and a BPX25 phototransistor on either side of the 
toothed wheel, diametrically opposite the radiation aperture. 
The appropriate circuit diagram is shown in figure 3.3. After 
modification, the chopper was able to produce a reference signal 
at the required voltage level (this could be varied by 
potentiometer) and at the modulation frequency. This signal was 
then fed to both a lock-in amplifier and a frequency meter which 
were connected in parallel. The frequency meter gave a visual 
check on both the value and stability of the modulation frequency 
and enabled the chopper speed to be adjusted manually, if 
necessary, by means of the speed control unit. 
Output 
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Figure 3.3 : Circuit used to obtain reference signal for 
lock-in amplifier and digital frequency meter. 
The chopper wheel interrupts the near infrared 
radiation produced by the forward biassed 
gallium arsenide LED to give bursts of energy 
at the reference frequency. 
A line filter was inserted in the modulator supply line to 
reduce the amount of modulator generated noise being fed back 
into the system. 
(iii) Earthed Conductive Enclosure 
The detectors (in their photometer mounts) were placed a 
known distance (1.70 m) from the calibrated source at the other 
end of the optical bench. Although the detectors were housed in 
earthed cylinders embedded in nylon plugs, they were still 
susceptible to electrical pickup. A wave analyser was employed 
to measure the noise spectra in an attempt to reduce or, if 
possible, eliminate the unwanted electrical signal. Various 
earthing arrangements were tried before it was finally decided to 
place the detectors (still in their photometer mounts) en-tirely 
within an earthed conductive enclosure 310 mm x 165 mm x 110 mm 
with a small aperture at one end. One of the wave analyser 
graphs is shown in figure 3.4. A shutter was placed in front of 
the earthed box, and interference filters or neutral density 
filters or both were located within this box. 
(iv) Detectors 
All detectors were placed in shielded nylon plugs for 
mounting in the photometer as illustrated in figure 3.5, so that 
any one of them could be used in the instrument if desired. 
Identical mounts were used for both the test bench and the 
photometer. The brass or aluminium shielding cups embedded in 
the nylon detector plugs were fitted with BNC 31-235 panel 
receptacles, which together with BNC 31-224 plugs and twin core 
shielded cable provided an earthed outer conducting surface 
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Figure 3.4 : Typical wave analyser graph after placing the 
detector in an earthed conductive enclosure. 




detector wire nylon plug brass or twin shielded 
aluminium BNC connector 
shield 
Figure 3.5 : Shielded nylon plug used to hold detectors in 
laboratory and field measurements. 
connecting detector to shielded enclosure (containing biassing 
circuit, if required) and lock-in amplifier. Conductor leads 
were kept as short as possible [102] to minimize electrical 
pick-up. 
Additional details concerning the detectors, obtained from 




Cell resistance = 1.5 Mfi typical. 
Responsivity (500 K) = 2.0 x 10^ V/W typical 




Cell resistance = 600 kfi typical. 
Responsivity (500 K, 800) = 2.0 mA/W minimum 




Series resistance = 50 
Responsivity (770 nm) = 0.5 A/W. 
NEP (770 nm, 100, 6) = 8.1 x 1 0 W / / H z maximum, 
SD-041 
Silicon. 
p-n junction diode, blue enhanced, 
optimized for photovoltaic mode of operation 
Dynamic resistance = 500 Mi2 minimum. 
Responsivity (880 nm) =0.5 A/W. 
NEP (880 nm) = 7.3 x 10"^= W//Hz typical. 
SD-076 
Silicon. 
p-n junction diode, red/infrared enhanced, 
optimized for photovoltaic mode of operation 
Dynamic resistance = 200 Mi2 minimum. 
Responsivity (880 nm) =0.5 A/W. 
NEP (880 nm) = 1.2 x 10 W//Hz typical. 
(v) Detector Circuits 
The circuits employed in testing the photoconductive 
detectors assigned for use in this astronomical photometry 
project are shown in figures 3.6 and 3.7. However, after 
preliminary examination, it became clear that the photoconductive 
detectors were never under serious consideration for use in the 
photometer. Photovoltaic detectors, on the other hand, were 
found to operate best when their output was fed directly to the 
lock-in amplifier. Other circuits involving operational 
amplifiers were tried but with less success. The fact that these 
detectors did not require preamplification or biassing had the 
advantage that no additional electronic noise was introduced to 
the circuitry. Results are discussed in the next chapter. 
(vi) Lock-in Amplifier 
Detector output was monitored by the lock-in amplifier 
either by direct feed or via appropriate circuitry. Direct feed 
was possible in some instances because of the high input 
impedance of the lock-in amplifier - 10 megohm shunted by 
30 picofarad.[103] The need to relate the chosen prefilter time 
constant to the sampling rate of the digital voltmeter has 
already been mentioned. 
In the laboratory, three consecutive sets of data consisting 
of the signal, the background (obtained by closing the source 
shutter) and the amplified noise level were recorded for analysis 
at any given frequency. An electronic zero was recorded on the 
chart record. In order to increase the amplitude of noise 








Figure 3.6 : One of the bias supplies used with the 62SV 
photodetector. The detector Rd is in series 
with a load resistor Rl and a variable voltage 
supply Vs. Although it can be varied, Rs 
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Figure 3.7 : The constant voltage bias supply used with the 
RPY76 photodetector. 
introduced by the digital voltmeter during analogue to digital 
conversion, it was necessary to operate the lock-in amplifier on 
a relatively sensitive scale and introduce an instrument offset 
voltage. This procedure was followed in order to reduce the 
effect of quantizing noise, caused by the finite resolution of an 
analogue to digital conversion, for the determination of detector 
noise only. It was usually desirable to use a decreased 
sensitivity setting, however, when taking the pair of 
measurements needed to obtain the corresponding signal value. 
A typical chart record, illustrating a set of three traces at a 
given chopping frequency, is shown in figure 3.8. 
(vii) Computers 
Lock-in amplifier output was in turn sampled by digital 
voltmeter and fed to a microcomputer where it was recorded on 
magnetic tape cassette via an appropriate interface. The 
microcomputer offered the advantage of portability, being able to 
record data both in the laboratory and in the field. Data was 
finally transferred from magnetic tape cassette to magnetic disks 
for analysis on the department's mini-computer. 
One of the computer programmes, called Signoif 3, which was 
written to analyse the three sets of data obtained for each 
frequency is shown in Appendix A. It includes a plotting routine 
which chooses the numerical values used as labels for the axes of 
the graphs. This accounts for what may appear to be an unusual 
set of ordinates for figures 4.1 to 4.6. In order to verify this 
programme before use, a set of data was hand analysed, the 
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Figure 3.8 : Typical chart record (re-drawn from actual chart) showing set of 
traces used to check the measurement of detector signal and noise 
at a chopping frequency of 537 Hz. Notice that the lock-in 
amplifier sensitivity setting is greater, and the trace has been 
off-set, for the background noise measurement. 
results noted, and then compared with the computer generated 
results. 
3.1.3 Filter Characteristics 
Transmission curves were supplied with the five near 
infrared spectral bandpass filters, however it was necessary to 
measure transmission curves for the four visible filters and the 
set of five neutral density filters. The filters were placed in 
a spectrophotometer in turn and transmission curves obtained. 
A spot check of the transmission characteristics of one of the 
infrared filters verified the curve supplied with it. Tables of 
results, prepared for both bandpass filters and neutral density 
filters, are shown later in section 4.1. A typical filter 
transmission curve is also shown later in figure 3.25. 
3.1.4 Photometer Construction 
A major part of this work involved the design of a single 
channel photometer. General comments concerning photometry and 
photometers have already been made, however specific details 
concerning the design of the instrument used in this work are 
shown in figures 3.9 to 3.24 inclusive. Further features are 
amplified and listed below : 
(i) The instrument was made almost entirely of aluminium. 
Exceptions were the brass mirror shaft, the aluminized glass 
front silvered mirror, the steel spring, the bronze bearing 
block, the mild steel mirror stops, the magnets and various 
screws, nuts and nylon washers. All appropriate internal 
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Figure 3.9 : Photometer. Side elevation, showing positions of some of the 
slots for the filter slide and access to the chopper controls 





Figure 3.10 Photometer. Side elevation, showing the eyepiece holder in 
position and giving some details relating to the mounting of the 
annular support collar for the tube connecting photometer box to 
telescope. The thickness of the annular support collar is shown, 
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Figure 3.11 P h o t o m e t e r . Plan e l e v a t i o n , showing positions of the aperture 
slide slot and internal mirror support s p i n d l e . Overall box 
dimensions are also g i v e n . 
Jry 
Plate threaded (blind) 
to a depth of M3 screws 
fits inside box in this 
position. 
•Position of spindle axis 
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Figure 3.12 Photometer. Plan elevation, giving details of the positioning of 
slots in the base of the box for attachment of the spindle 
bearing block. 
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mild steel stop. 
Figure 3.13 Photometer in vertical cross-section showing the spindle, front 
silvered mirror and external lever used to rotate the spindle and 
hence move the mirror into and out of the beam. 
This plate sits on floor 
of box and accepts 
point of spindle 
Threaded to accept 
M3 Socket cap screws 
Knurled adjusting thimbscrew 
Locking nut 
Fixed mild steel stop 
Position of aperture slide 
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Figure 3.14 Photometer in plan view giving details of the fixed and movable 
mild steel stops used to hold the mirror out of the beam or in 
the beam as required. The movable mild steel stop pivots about 
the same axis as the magnet and is fixed in position, after 
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Figure 3.15 Details of one of the filter holders. Filters are held in 
position by spring steel clips and a retaining plate. 
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NOTE: xy micrometer not shown. 
Figure 3.16 : Horizontal section through the optic axis showing the relative 
position of the components of the photometer. 
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Figure 3.17 Vertical section through the optic axis showing relative 
positions of the components of the photometer. 
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Figure 3.18 End elevation of photometer showing positions 
of M2 flat head socket screws used to assemble 
the box and M4 flat head socket screws used to 
attach the annular support collar. 
M2 Flathead 
socket screws 
p = 0-4 
Length =15 
Figure 3.19 End elevation of photometer showing positions 
of M2 flat head socket screws used to attach 
the back plate of the photometer box and some 
of the dimensions of the detector holder. 
See additional details relating to spring loaded plates 
for detector holder 
Flat, smooth finish on 
this surface 
M4 Soci<ethead cap screw 
p=0-7 Length = 8 
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flush against back plate 
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M3 Flat head (countersunk) 
socket screws 
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Figure 3.20 : End elevation of photometer showing the 
attachment of the xy micrometer. 






Figure 3.21 End elevation showing details of the 
positioning of spring loaded plates which hold 
the movable detector holder against the 
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Figure 3.22 ; Details of eyepiece holder plate 
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Figure 3.24 Details of spring loaded ball bearing plate 
holders and locking screws. 
The aluminium was anodised black. 
(ii) The magnetic mirror latch was internal to the instrument and 
adjustable. S ince the magnet and adjustable mirror stop were 
moved about the same axis, the full face of the magnet was always 
aligned with full face of the mild steel mirror stop. This 
feature ensured the proper positioning of the mirror whenever 
placed in the beam to observe a star, since magnetic latches are 
positive in their action. 
(iii) It was a considerable advantage to be able to move the detectors 
in three orthogonal directions as this permitted the detector 
signal to be optimized with ease. Movement in the xy plane was 
achieved by means of a spring-loaded detector mount attached to 
an xy micrometer, whilst movement in the third dimension was 
possible since the detectors were placed in nylon plugs which 
could be moved parallel to or along the optic axis before being 
screw-locked into position. Similar use of an xy micrometer was 
not found referred to in the literature. 
(iv) The aperture slide was positioned by a spring loaded latch and 
the latch assembly itself was adjustable along the direction of 
movement of the slide. Once the instrument was properly aligned, 
the latch assembly was locked into position. The latch assembly 
itself is not illustrated. Careful attention was directed to the 
accurate positioning of apertures and notches during manufacture 
- particularly the equidistant spacing between the centres of 
both adjacent apertures and adjacent notch positions. 
(v) The aperture slide had eight apertures, ranging in diameter from 
0.35 ram to 8.0 mm. They were all recessed from behind and 
accurately positioned. 
(vi) A commercially available frequency programmable chopper was 
incorporated within the instrument. See Appendix B. This 
unit provided a reference signal for the lock-in amplifier 
and had its own three digit light emitting diode display 
module to enable frequency to be measured and its stability 
checked. The chopping frequency available was variable in 
the range 10 Hz to 800 Hz. • 
(vii) There were two sliding filter holders carrying a total of 
nine filters. Four visible filters were fitted to one 
holder and one position was blank, whilst five near infrared 
filters were accommodated in the other. The near infrared 
filter holder is illustrated in figure 3.15. Details 
concerning the nominal wavelengths used are given in 
tables 3.1 and 3.2. 
Table 3.1 
FILTER HOLDER NO.l 
Approximate filter size: 26 mm x 13 mm 
PEAK WAVELENGTH THICKNESS 





Fifth slot blank No filter 
Table 3.2 
FILTER HOLDER NO.2 
Approximate filter size: 50.5 mm x 50.5 mm 
PEAK WAVELENGTH THICKNESS 






3.1.5 Photometer Alignment 
Although the photometer design permitted the detector to be 
moved to optimize received signal, it was of great importance to 
adjust the orientation of the internal mirror shaft, the locking 
nut on the movable magnetic mirror stop and the position of the 
movable apertures (also adjustable) before use so that when an 
image was centred on the detector, it was also centred on the 
eyepiece cross-hairs. 
This was achieved by manufacturing nylon plugs to fit in the 
instrument entrance tube, to replace the eyepiece and to replace 
the detector during alignment. The first of the three nylon 
plugs was solid apart from a hole of radius one millimetre bored 
through the centre of one face and along its axis, whilst the 
other two plugs were more cylindrical in shape with holes of ten 
millimetre radius bored along their axes. Plugs fitted into 
positions normally occupied by the detector and the eyepiece were 
covered with translucent paper glued across one end and 
accurately marked (on the paper) with crossed lines at their 
centres. 
A low power helium-neon laser was directed through the hole 
in the nylon plug at the instrument entrance tube to the crossed 
lines on the fixed and centrally positioned nylon plug placed in 
the detector holder. This delineated the optic axis of the 
instrument. The intervening movable circular apertures were then 
placed in position, tested for alignment and adjusted 
accordingly. Next the mirror was moved into the beam and the 
position of the reflected laser light on the translucent paper 
covering the eyepiece plug was noted. Adjustments were made to 
the mirror shaft and the movable magnetic mirror stop until the 
laser beam fell upon the crossed lines. When properly 
positioned, the mirror shaft and mirror stop were locked in 
place. 
Once the beam alignment had been decided upon, the field 
lens was adjusted by moving it to and fro in its sleeve until the 
beam was most sharply focussed. The lens was then locked in 
position. 
As a final check, a sleeve was made to slide over the 
photometer entrance tube which incorporated a replaceable 
aperture and a suitable converging lens so that f number could be 
adjusted to simulate the cone of light received by the instrument 
when used on the telescope. Illumination by parallel light then 
enabled the behaviour of the optical system to be checked. 
3,1.6 Other Measurements 
(i) Lock-in Amplifier Noise 
Amplifier (or preamplifier) noise should be measured to 
check that it is less than detector noise, particularly where 
measurements are noise limited. The amplifier is modelled, for 
the purposes of these noise calculations, as a noise-free device 
with two noise generators, the equivalent series noise voltage 
V(n) and the equivalent parallel noise current l(n), connected to 
the input side of the network. 
V(n) was determined by shorting the amplifier input, noting 
the rms signal voltage at its output, dividing by amplifier gain 
and referencing to the input. I(n) was found by recording the 
noise for an open circuit input. It, too, was divided by 
amplifier gain and referenced to the input. The total input 
noise was then determined from these parameters. 
Now the equivalent noise bandwidth, EBW, of the lock-in 
amplifier is given by [105] 
EBW = 1/4T 
where T is the time constant. As the instrument was operated 
with a filter time constant set at 1.0 s, the equivalent noise 
bandwidth was therefore only 0.25 Hz. 
The operating manual [106] states that the total input noise 
for the lock-in amplifier used is typically 10 nV//Hz at 1 kHz. 
Since the equivalent noise bandwidth of the lock-in amplifier had 
such a small value and the total noise input for the lock-in 
amplifier was found by experiment to be in close agreement with 
the stated figure, the instrument was regarded as making no 
significant contribution to detector noise equivalent power, and 
hence detectivity, measurements, 
(ii) Detector Linearity 
By the time it came to check the linearity of detectors, 
only the two silicon detectors operated in the photovoltaic mode 
were under serious consideration for trial in the photometer and 
so consequently they were the only ones to be examined. 
For these measurements, the incandescent lamp was run at 
reduced temperature and the relative intensity of radiation 
received by the detectors was governed by the use of previously 
calibrated neutral density filters. Each detector was examined 
using a spectral bandpass filter centred on a nominal wavelength 
of 890.5 nm, since this was the filter bandpass closest to that 
at which the detectors exhibited maximum response. The 
transmission characteristics of this filter are shown in 
figure 3.25. Only five data points were possible for each 
detector linearity graph using the available neutral density 
filters and lock-in amplifier ranges. Details relating to these 
detectors and the conditions of measurement are presented in 
table 3.3. 
Table 3.3 
MEASUREMENT CONDITIONS FOR DETECTOR LINEARITY 
SD-041 SD-076 
Lock-in amplifier 
time constant (s) 1.0 1.0 
Bandpass filter (nm) 890.5 890.5 
Chopping frequency (Hz) 437 437 
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Figure 3.25 Typical filter transmission curve 
Peak wavelength = 890 nm. 
Maximum transmission = 45.5 X, 
Half width - 24 nm. 
3.2 Field 
3.2.1 Preamble 
As the telescope had not been used for some time, it was 
necessary to remove the mirrors to have them re-aluminized. The 
instrument was then re-assembled and re-aligned before using. 
Next, the most suitable detector was selected, incorporated in 
the photometer and fitted to the telescope. 
Viewing time was restricted to several hours per night under 
ideal seeing conditions - rarely experienced - owing to cloud 
cover and the limited viewing arc. On many occasions conditions 
were quite unsuitable for viewing or measuring. The restricted 
viewing arc available from the telescope dome opening ensured 
that observations were not made through an excessively long 
atmospheric slant path. 
3.2.2 The Telescope 
The cross-hairs on the finder telescope were not visible 
under the low light level conditions necessary for observation. 
It was desirable, therefore, to make a cross-hair illuminator 
with variable lighting control. This consisted of a sleeve with 
narrow reflecting lip which fitted over the end of the finder 
telescope and carrried three red light emitting diodes (LEDs). 
The LEDs were equally spaced around it and protruded inwards. 
A small amount of light was excluded from entering the finder 
telescope by the lip, however the lip did serve to reflect red 
light from the LEDs back into the telescope to illuminate the 
cross-hairs. The LEDs were connected in series with a 390 fi 
resistor, a 5 potentiometer and 9 V dc power supply. 
Variability of illumination was achieved by means of the 
potentiometer. 
When observations were first attempted, the telescope 
tracking was so poor that it was not possible to take meaningful 
readings. The star image rapidly drifted from the field of view 
and it was obvious that improvements were needed. A power supply 
was manufactured for the synchronous motor drive unit which 
produced a stable frequency and also had a hand held control unit 
to enable a slight increase or decrease in frequency as required. 
Using this control unit it was possible to properly compensate 
for the rotation of the Earth whilst observing and to track more 
satisfactorily. Even so, a slight amount of drift still did 
occur. 
Once the tracking problems had been overcome to an 
acceptable degree, it was then possible to follow a star long 
enough to tune up the photometer by optimizing the positions of 
the xy detector micrometer and the nylon plug carrying the 
detector. 
Some of the details relating to the telescope itself are 
listed below: 
Type of optics : reflective 
Configuration : Springfield [107]. See section 3.2.5. 
Diameter of primary mirror = 25 cm (approx.) 
f number (measured) = 26.2 
Focal length = 665 cm (approx.) 
Drive motor : 9.3 W; 1,500 r.p.m. 
3.2.3 Measurement of f Number 
The measurement of f number involved the timing of the image 
of a known star to drift perpendicularly between the parallel 
cross-hairs in an eyepiece graticle, which were a known distance 
apart. A travelling microscope was employed in the laboratory to 
take measurements of graticle spacing, at five different 
positions, and the average perpendicular distance between these 
parallel graticle lines was determined. This was done prior to 
stellar observations being made. 
With the telescope drive motor switched off, the chosen star 
image was allowed to drift between the pair of parallel graticle 
lines and the time taken for this was noted. This drift time was 
measured using a stop watch on five occasions and an average 
drift time determined. 
Rigel was the star most conveniently situated on the night 
of observation and so was selected for this measurement. The 
results obtained are shown in section 4.4 of the next chapter. 
3.2.4 Observation of the Stars 
As mentioned earlier, in section 2.7.4, the stars chosen for 
the instrument test were, in order of apparent magnitude, Sirius, 
Canopus and Arcturus. Before measurements could be made, it was 
necessary to locate the star. A star atlas [Norton's] and a star 
finder based on latitude 35 degrees South were invaluable in 
achieving this. 
The guider telescope was then used to point the main 
telescope in the general direction of the required star and the 
synchronous motor drive fine tuned whilst observing the star 
through the Ramsden eyepiece of the photometer. This was done to 
ensure that an appropriate tracking rate was being employed. 
Once satisfied that the telescope was tracking as well as 
possible, the smallest aperture needed to isolate the required 
star from the sky background was selected and the position of the 
detector was adjusted for maximum signal response. The xy 
micrometer reading was then noted and the detector locked into 
position. Next, by operating the synchronous motor hand control, 
the telescope was pointed to a region of sky adjacent to the star 
being examined which was thought to be free of other stellar 
sources - at least as far as the naked eye could tell. Then the 
chopper was set at the optimum chopping frequency, as determined 
from previous laboratory measurements, a bandpass interference 
filter selected and moved into the beam position, and the mirror 
swung out of the way so that sky background could be measured. 
The synchronous motor hand control was then used to return 
the star image to the eyepiece cross-hairs and the position of 
the star was again checked. After returning the filter to its 
in-beam position, the mirror was swung out of the way, the time 
noted, and the collection of the next set of data begun. There 
was simultaneous recording of star signal data or sky background 
data on chart recorder and computer for each measurement. The 
chart recorder provided a useful visual check, enabling the 
validity of numerical data to be assessed at the time of analysis 
whilst giving a more immediate indication of problems caused by 
drifting cloud cover or poor tracking, for example. Pairs of 
readings for sky background signal and star signal were recorded 
for each filter in turn and the chopping frequency was also 
checked on each occasion. A typical chart record, illustrating 
one pair of readings, is shown in figure 3.26. 
A computer programme similar to that shown in Appendix A was 
used to analyse the field data. This programme, called 
Signoif 2, operated upon measured background data then measured 
signal data, in that order, for each filter selected. 
Unfortunately, the telescope would only track with reasonable 
reliability for little over one minute, so only 256 data points 
were able to be collected for each data run. 
3.2.5 The Photometer 
Since the telescope was operated in a Springfield 
configuration [108], it was not necessary for the photometer to 
be moved during observations. 
In this configuration, a concave primary mirror focussed 
radiation onto a smaller convex secondary mirror, much like the 
focussing arrangement for the well known Cassegrain system. 
Instead of the radiation passing through a hole in the primary 
mirror, as in the Cassegrain system, a small flat mirror at 
45 degrees to the optical axis of the main mirror intercepted the 
beam and directed it along the declination axis to a prism which 
in turn redirected the beam to a focus along the polar axis. 
As the telescope was driven at a rate equal to (but in an 
opposite sense to) the rotation of the Earth in order to track a 
star, any stellar image centred on the polar axis simply rotated 
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Figure 3.26 Typical chart record (re-drawn from actual chart) showing a pair 
of traces used to check the measurement of stellar signal at the 
observatory. 
about that axis. The eyepiece cross-hairs were designed to 
intersect on the polar axis, so that any disk shaped image 
centred on the cross-hairs, simply rotated about its own centre 
and had no linear motion, provided the telescope was tracking 
accurately. 
If we assume a detector element which exhibits uniform 
sensitivity, then a rotating image centred on the polar axis of 
the instrument is of no consequence as far as photometry is 
concerned, since the signal produced by the detector depends only 
on the radiation received by the telescope and not on the motion 
of the instrument. 
As there was no linear motion of the stellar image, the 
photometer rested on a bracket firmly attached to the concrete 
telescope base and remained fixed in position relative to it. 
Details of the construction of the photometer itself have been 
given in section 3.1.4. 
Initial problems caused by stray radiation within the 
commercial chopper, housed within the photometer, were overcome 




4.1 Filter Characteristics 
4.2 Selection of Detector 
4.3 Detector Linearity 
4.4 Telescope f Number 
4.5 Astronomical Observations 
4. RESULTS 
4.1 Filter Characteristics 
The measured transmission of each of the five neutral 
density filters at the nominal wavelengths of transmission of the 
band pass filters is shown in table 4.1. These results were 
compiled from spectrophotometer traces, and were needed for 
Hnearity measurements which are outlined in section 4.3. The 
thickness of each filter has been recorded as a means of positive 
identification, if ever needed. 
Table 4.1 
MEASURED TRANSMISSION OF NEUTRAL DENSITY FILTERS 
7o FILTER TRANSMISSION 
WAVELENGTH NGll NG4 NG4 NG9 NG9 
(nm) (2.65 mm) (1.13 mm) (2.34 mm) (1.64 mm) (2.47 mm) 
435.8 46.0 29.0 9.0 0.8 0 
546.1 49.2 30.8 9.5 1.0 0 
577.0 47.2 29.1 8.5 1.0 0 
656.3 46.0 30.9 • 9.5 1.5 0.1 
746.0 48.0 41.0 16.5 3.7 0.8 
785.5 43.6 39.0 15.0 4.1 1.1 
839.0 37.0 36.0 12.4 4.2 1.0 
890.5 32.5 32.8 10.1 4.0 1.0 
942.5 28.6 29.9 8.7 3.5 0.8 
Table 4.2 was also compiled from spectrophotometer records. 
It shows measured values for peak wavelength, percentage 
transmission, half bandwidth and the equivalent half bandwidth 
for a perfect step filter having the same peak transmission as 
the filter under test. The width of the hypothetical step filter 
is calculated such that the area beneath it is equal to that of 
the bandpass filter. Calculations are greatly simplified, 
without error, by using this step filter profile in lieu of the 
actual filter profile. 
In each case the measured peak wavelength of the bandpass 
filter was found to differ from the nominal peak wavelength 
supplied by the manufacturer. A typical filter transmission 
curve was shown in figure 3.25. 
Table 4.2 
MEASURED TRANSMISSION OF BANDPASS INTERFERENCE FILTERS 
NOMINAL MEASURED MAXIMUM MEASURED EQUIVALENT 
PEAK PEAK PERCENTAGE HALF RBP FILTER 
WAVELENGTH WAVELENGTH TRANSMISSION BANDWIDTH BANDWIDTH 
(nm) (nm) (7o) (nm) (nm) 
435.8 433.0 56.5 7.7 8.8 
546.1 546.5 55.2 9.0 9.1 
577.0 581.0 52.0 9.2 9.4 
656.3 651.7 58.0 11.3 11.5 
746.0 745.0 47.2 25.0 26.6 
785.5 781.0 48.0 28.0 28.1 
839.0 838.0 48.5 24.0 26.9 
890.5 890.0 45.5 24.0 26.5 
942.5 942.0 33.5 19.0 21.1 
Note: RBP means "rectangular bandpass". 
This imaginary filter has constant transmission 
over its entire bandwidth and encloses the same 
area as the given interference filter. 
4.2 Selection of Detector 
Comparison of the experimentally determined area normalized 
detectivity for each of the detectors, as shown below in 
table 4.3, indicated that the silicon p-n junction detectors 
operated in the photovoltaic mode would be the most suitable for 
use in the photometer. Although area normalized detectivity is a 
somewhat arbitrary concept when compared with detectivity. 
detector SD-076 was found to be superior to detector SD-041 for 
both of these figures of merit. 
Ultimately, the better detectivity of the SD-076 detector, 
coupled with its greater sensitive area and better response 
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SD-076 2.91 1.9E12 890.0 nm 
437 Hz 
The choice of filter for any given measurement of detector 
performance was related to the known wavelength of peak response, 
or as near as possible to that wavelength for the filter set 
available. In the case of the lead sulphide detectors, for 
example, the chosen filter was the best that could be chosen but 
still well short of the wavelength at which peak response 
occurred. 
Similarly, the chopping frequency was chosen to give peak 
detector performance. In each case, this was measured in the 
laboratory, as illustrated by figures 4.3 and 4.6. Results were 
close to what was expected, except in the case of the p-i-n diode 
which did not perform reliably and gave a low value for optimum 
chopping frequency. 
Signal, noise and detectivity versus frequency graphs for 
both of the silicon p-n junction cells operated in the 
photovoltaic mode are shown in figures 4.1 to 4.6 inclusive. It 
should be emphasized, however, that the magnified scale chosen 
for these graphs varies from graph to graph and that these scales 
accentuate the observed fluctuations. 
Once the most suitable detectors had been chosen, it was 
desirable to measure their spectral response. This was achieved 
in the manner outlined below. 
Data for the calibrated lamp output, as illustrated in 
figure 3.2, was combined with the measured transmission 
characteristics of the bandpass interference filters, shown in 
table 4.2. The lamp output passing through each of the filters 
at the specified wavebands could then be calculated. This 
information is collated in table 4.4 below. 











Figure 4.1 : Signal versus frequency graph for the SD-041 detector. This 
measurement was made with the signal fed directly to the lock-in 
amplifier having an equivalent noise bandwidth of 0.25 Hz. 
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Figure 4.2 : Noise versus frequency graph for the SD-041 detector. This 
measurement was made using a lock-in amplifier of equivalent 
















Figure 4.3 : Area normalized detectivity versus frequency graph for the 
SD-041 detector. The curve is an aid to the eye drawn by hand 
and not a calculated curve of best fit. These results relate to 
data shown in figures 4.1 and 4.2. 
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Figure 4.4 : Signal versus frequency graph for the SD-076 detector. This 
measurement was made with the signal fed directly to the lock-in 
amplifier having an equivalent noise bandwidth of 0.25 Hz. 
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Figure 4.5 : Noise versus frequency graph for the SD-076 detector. This 
measurement was made using a lock-in amplifier of equivalent 
bandwidth 0.25 Hz. 
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Figure 4.6 : Area normalized detectivity versus frequency graph for the 
SD-076 detector. The curve is an aid to the eye drawn by hand 
and not a calculated curve of best fit. These results relate to 
data shown in figures 4.4 and 4.5. 
Table 4.4 
OUTPUT OF CALIBRATED LAMP PT17161 
TRANSMITTED BY INTERFERENCE FILTERS 
FILTER EQUIVALENT MAXIMUM SPECTRAL RADIATION 
PEAK RBP FILTER PERCENTAGE RADIANT THROUGH 
WAVELENGTH BANDWIDTH TRANSMISSION INTENSITY FILTER 
(nm) (nm) (%) (mW/sr/nm) (mW/sr) 
433.0 8.8 56.5 0.24 1.19 
546.5 9.1 55.2 0.86 4.32 
581.0 9.4 52.0 1.10 5.38 
651.7 11.5 58.0 1.60 10.67 
745.0 26.6 47.2 2.11 26.49 
781.0 28.1 48.0 2.24 30.21 
. 838.0 26.9 48.5 2.42 31.57 
890.0 26.5 45.5 2.45 29.54 
942.0 21.1 33.5 2.46 17.39 
NOTES : (1) Lamp calibration current = 4.715 A 
(2) RBP means "rectangular bandpass". 
Once the radiation passing through each filter was known in 
terms of power and solid angle, a knowledge of the geometry of 
the system enabled the radiation falling on the sensitive area of 
the detector to be calculated and compared with the observed 
detector response at the wavebands defined by the filters. 
Detail of the relative spectral response obtained for detectors 
SD-041 and SD-076 appears in tables 4.5 and 4.6 and is plotted in 
figures 4.7 and 4.8. 
Four of the data points in these tables were clearly in 
error when first plotted and so measurements were repeated to 
obtain the new values - indicated by asterisk. The reason(s) for 
these erroneous values is not known. The number of errors is 




RESPONSE OF DETECTOR SD-041 
FILTER RADIATION RADIATION MEASURED RELATIVE 
PEAK THROUGH REACHING DETECTOR DETECTOR 
WAVELENGTH FILTER DETECTOR SIGNAL RESPONSE 
(nm) (mW/sr) (mW) (V) (V/mW) 
433.0 1.19 3.50E-7 2.92E-5 83 
546.5 4.32 1.27E-6 1.86E-4 146 
581.0 5.38 1.58E-6 2.65E-4(^') 168 
651.7 10.67 3.14E-6 6.49E-4 206 
745.0 26.49 7.79E-6 1.87E-3 240 
781.0 30.21 8.89E-6 2.20E-3 247 
838.0 31.57 9.29E-6 2.20E-3 237 
890.0 29.54 8.69E-6 1.87E-3 215 
942.0 17.39 5.11E-6 8.14E-4 159 
NOTES : (1) Modulation frequency was 437 Hz. 
(2) Detector fed directly to lock-in amplifier. 
(3) Sensitive area of detector = 0.85 square mm 
(4) Source - detector distance = 1.70 m 
(5) Solid angle subtended at detector = 2.94E-7 sr 
(6) Interpolation from other results shown by (")• 
Table 4.6 
RELATIVE SPECTRAL RESPONSE OF DETECTOR SD-076 
FILTER RADIATION RADIATION MEASURED RELATIVE 
PEAK THROUGH REACHING DETECTOR DETECTOR 
WAVELENGTH FILTER DETECTOR SIGNAL RESPONSE 
(nm) (mW/sr) (mW) (V) (V/mW) 
433.0 1.19 1.20E-6 8.79E-5 73 
546.5 4.32 4.35E-6 4.45E-4(^0 102 
581.0 5.38 5.42E-6 6.02E-4(^') 111 
651.7 10.67 1.07E-5 1.42E-3(^0 133 
745.0 26.49 2.66E-5 4.78E-3 180 
781.0 30.21 3.04E-5 6.00E-3 197 
838.0 31.57 3.18E-5 6.64E-3 209 
890.0 29.54 2.97E-5 6.78E-3 228 
942.0 17.39 1.75E-5 4.29E-3 245 
NOTES : (1) Modulation frequency was 437 Hz. 
(2) Detector fed directly to lock-in amplifier. 
(3) Sensitive area of detector = 2.91 square mm 
(4) Source - detector distance = 1.70 m 
(5) Solid angle subtended at detector = l.OlE-6 sr 
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Figure 4.7 : Relative spectral response for the blue 
enhanced SD-041 detector. This graph relates 
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Figure 4.8 : Relative spectral response for the red/infrared 
enhanced SD-076 detector. This graph relates 
to table 4.6. 
Although the manufacturer's data sheet indicated a peak 
response for the blue enhanced SD-041 detector at approximately 
850 nm, it was found that this detector peaked at a lesser value 
of approximately 800 nm. The red/infrared enhanced SD-076 
detector, on the other hand, was supposed to peak at 
approximately 890 nm, but it appeared to peak beyond this. It 
was difficult, however, to determine the trend of the SD-076 
graph near 880 nm and beyond since there were only two filters 
centred at wavelengths greater than this. 
4.3 Detector Linearity 
The relative low light level intensity results and 
corresponding signal outputs for detectors SD-041 and SD-076 are 
shown in the tables 4.7 and 4.8, whilst figures 4.9 and 4.10 are 
plots for these results. 
Table 4.7 
LINEARITY OF DETECTOR SD-041 
SOURCE-LAMP FILTER RELATIVE MEASURED 
DISTANCE THICKNESS INTENSITY SIGNAL 
(m) (mm) (V) 
1.70 2.47 1.0 1.22E-6 
1.70 1.64 4.0 5.08E-6 
1.70 2.34 10.1 9.67E-6 
1.70 1.13 32.8 2.97E-5 
0.92 2.34 32.8 2.97E-5 
0.92 1.13 106.5 9.37E-5 
NOTES : (1) Lamp current approximately 2.5 A. 
(2) Band pass filter at 890.5 nm used. 
Table 4.8 
LINEARITY OF DETECTOR SD-076 
SOURCE-LAMP FILTER RELATIVE MEASURED 
DISTANCE THICKNESS INTENSITY SIGNAL 
(m) (mm) (V) 
1.70 2.47 1.0 1.55E-6 
1.70 1.64 4.0 6.61E-6 
1.70 2.34 10.1 1.25E-5 
1.70 1.13 32.8 3.76E-5 
0.98 2.34 32.8 3.76E-5 
0.98 1.13 106.5 1.14E-4 
NOTES : (1) Lamp current approximately 2.1 A . 
(2) Band pass filter at 890.5 nm used. 
The graphs shown in figures 4.9 and 4.10 show an approximate 
linear relationship between relative source intensity and output 
signal voltage for the p-n junction silicon photovoltaic 
detectors over the limited range of intensities which could be 
realistically examined in the laboratory using the available 
neutral density filters. As explained in the previous section, 
these silicon detectors, operated in the photovoltaic mode, were 
the most suitable for use in the photometer. Other detectors, 
therefore, were not examined for linearity of response. 
Linearity of response is an attractive property of any 
detector used in photometric studies, for once the linearity 
graph is calibrated in terms of absolute intensity of radiation, 
any measured signal can be readily converted to give the 
radiation incident upon the detector. It would appear that the 
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Figure 4.9 : Linearity graph for detector SD-041 















Figure 4.10 : Linearity graph for detector SD-076 
This graph relates to table 4.8. 
Telescope f Number 
It was necessary to know the telescope f number before the 
photometer was designed, in order to be certain that the cone of 
radiation from the telescope could be accepted and fully utilized 
by the photometer. Rigel was the star chosen for observation in 
order to measure this quantity, and details are given in section 
3.2.3. 
The graticle spacing measurements and times for the star 
image to drift across the parallel graticle lines are listed in 
table 4.9. Telescope f number may be calculated from these 
measurements as shown below. 
Table 4.9 
DETERMINATION OF TELESCOPE f NUMBER 







Average d = 4.95 mm 
Standard deviation = 0.002 







Average t = 10.34 s 
Standard deviation = 0.07 
At the time of observation, the declination of Rigel, D, was 
-8 degrees 13.9 minutes, giving 
cos D = 0.98970. 
Also, the angle 9 through which the Earth rotates in time t 
is given by 6 = cot cos D, 
where o) is the angular velocity of the Earth's rotation. 
But in time t 9 = y , 
where f is the focal length and d is the graticle spacing. 
Hence f = ^ 
(Dt COS D 
Thus f number = length 
diameter 
0.495 X 24 X 60' 
25.4 X 2Tr X 10.34 x 0.98970 
= 26.2 
4.5 Astronomical Observations 
The observed spectral outputs for Sirius, Canopus and 
Arcturus are shown in tables 4.10, 4.11 and 4.12. Figures 4.11, 
4.12 and 4.13 are drawn to illustrate these results. A filter 
factor was calculated for each filter, using the data contained 
in table 4.2. This factor, obtained from the transmission 
characteristics of each of the filters, enabled the radiation 
received by the telescope (prior to passing through a filter) to 
be calculated from the radiation received at the detector. 
Table 4.10 
OBSERVED SPECTRAL OUTPUT OF SIRIUS 
FILTER RADIATION APPROX RADIATION 
PEAK RECEIVED FILTER REACHING 
WAVELENGTH AT DETECTOR FACTOR TELESCOPE 
(nm) (mW) (/nm) (mw/nm) 
433.0 1.09E-8 0.2011 2.19E-9 
546.5 1.09E-8 0.1991 2.17E-9 
581.0 9.16E-9 0.2046 1.87E-9 
651.7 9.04E-9 0.1499 1.35E-9 
745.0 9.00E-9 0.0797 7.17E-10 
781.0 8.48E-9 0.0741 6.29E-10 
838.0 6.21E-9 0.0767 4.76E-10 
890.0 5.89E-.9 0.0829 4.88E-10 
942.0 1.26E-9 0.1415 1.79E-10 
NOTES : (1) Detector SD-076 was used. 
(2) Modulation frequency = 437 Hz 
(3) Number of data points per run = 256 
Table 4.11 
OBSERVED SPECTRAL OUTPUT OF CANOPUS 
FILTER RADIATION APPROX RADIATION 
PEAK RECEIVED FILTER REACHING 
WAVELENGTH AT DETECTOR FACTOR TELESCOPE 
(nm) (mW) (/nm) (mW/nm) 
433.0 5.18E-9(*) 0.2011 1.04E-9 
546.5 5.45E-9 0.1991 1.09E-9 
581.0 4.70E-9 0.2046 9.61E-10 
651.7 4.61E-9(^0 0.1499 6.91E-10 
745.0 4.90E-9 0.0797 3.90E-10 
781.0 4.03E-9 0.0741 2.99E-10 
838.0 3.51E-9 0.0767 2.69E-10 
890.0 3.71E-9 0.0829 3.08E-10 
942.0 8.46E-10(^-) 0.1415 ' 1.20E-10 
NOTES : (1) Detector SD-076 was used. 
(2) Modulation frequency = 437 Hz 
(3) Number of data points per run = 256 
(4) Visual estimation from chart record 
indicated by (*). 
Table 4.12 
OBSERVED SPECTRAL OUTPUT OF ARCTURUS 
FILTER RADIATION APPROX RADIATION 
PEAK RECEIVED FILTER REACHING 
WAVELENGTH AT DETECTOR FACTOR TELESCOPE 
(nm) (mW) (/nm) (mW/nm) 
433.0 4.34E-10 0.2011 8.72E-11 
546.5 1.09E-10 0.1991 2.17E-10 
581.0 1.35E-10 0.2046 2.77E-10 
651.7 1.80E-9 0.1499 2.70E-10 
745.0 2.39E-9 0.0797 1.91E-10 
781.0 2.18E-9 0.0741 1.61E-10 
838.0 1.91E-9 0.0767 1.46E-10 
890.0 1.93E-9(^) 0.0829 1.60E-10 
942.0 5.22E-10 0.1415 7.38E-11 
NOTES : (1) Detector SD-076 was used. 
(2) Modulation frequency = 437 Hz 
(3) Number of data points per run = 256 
(4) Visual estimation from chart record 
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Figure 4.11 Observed spectral output for Sirius. The curve is an aid to the 
eye drawn by hand and not a calculated curve of best fit. This 
graph relates to tables 4.10 and 2.2. 
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Figure 4.12 Observed spectral output for Canopus. The curve is an aid to the 
eye drawn by hand and not a calculated curve of best fit. This 
graph relates to tables 4.11 and 2.2. 
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Figure 4.13 Observed spectral output for Arcturus. The curve is an aid to 
the eye drawn by hand and not a calculated curve of best fit. 
This graph relates to tables 4.12 and 2.2. 
In the case of Canopus and Arcturus it was necessary to make 
correction to the computer generated results from the chart 
record in several instances. This was thought to be due to 
failure of the telescope drive to track accurately enough for 
long enough or loss of signal due to intervening cloud. Perhaps 
this accounts for what appears to be a low result at 433 nm in 
the case of Sirius, as illustrated in figure 4.11. On the other 
hand, it is puzzling to observe the anomalously high readings at 
890 nm in each of the stellar observations; especially since the 
transmission characteristics for this filter had been checked. 
No check was made for secondary peaks outside of the wavelength 
range shown on the transmission curve supplied by the 
manufacturer, however. The transmission curve for this filter 
has been illustrated in figure 3.25. 
Some of the results obtained from figures 4.10, 4.11 and 
4.12 are compared with theoretical data in table 4.13 below. 
Table 4.13 
COMPARISON OF STELLAR RESULTS 
SIRIUS CANOPUS ARCTURUS 
(1) Theoretical blackbody 
peak wavelength (nm) 310 390 660 
(2) Observed blackbody 
peak wavelength (nm) < 430 500 610 
(3) Theoretical irradiance 
at top of atmosphere 
at 500 nm (mW cm'^ nm'O 1.5E-11 5.0E-12 4.0E-12 
(4) Observed irradiance 
at bottom of atmosphere 
at 500 nm (mW cm'^ nm"0 4.7E-12 2.3E-12 3.7E-13 
From the above table, it is seen that the observed 
wavelengths of maximum radiation output corresponded reasonably 
well with the blackbody peak wavelengths calculated from Wien's 
displacement law, using data contained in table 2.2. The peak 
was approximately 50 nm less than predicted by theory in the case 
of Arcturus and appeared to be 110 nm less than expected in the 
case of Canopus, although in the latter case it should be pointed 
out that there was only one data point at wavelengths less than 
e 
546 nm. 
In order to make another rough check on the stellar results, 
known data at 500 nm was also chosen for comparison with these 
observations. Although the known data [109, llO] was for 
irradiance at the top of the atmosphere, and the observations 
were made through the atmosphere, this was of little consequence 
since quantitative results were not sought after in this work. 
The observed irradiance at 500 nm is shown in table 4.13. After 
allowing for atmospheric extinction, [ill] the results for both 
Sirius and Canopus appear to be quite acceptable, however in the 
case of Arcturus, the radiation reaching the telescope was still 
found to be below that expected. It is believed that the 
telescope went out of adjustment between its alignment and the 
collection of data and, in doing so, gave rise to this 
discrepancy. Unfortunately, time did not permit re-alignment of 
the instrument and the observations to be repeated. 
Figure 4.14 shows the calculated spectral irradiance at the 
top of the atmosphere for each of the three stars in question 
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Figure 4.14 Calculated spectral irradiance at the top of 
the atmosphere for Sirius, Canopus and 
Arcturus. After Ramsey, R.C. Spectral 
Irradiance from Stars and Planets, above the 
Atmosphere, from 0.1 to 100.0 Microns. Applied 
Optics. Vol. 1, No. 4, July 1962. p.466. 
CHAPTER 5 
5. CONCLUDING REMARKS 
From this work, it is concluded that the photometer designed 
and manufactured for use in conjunction with The University of 
Wollongong's 25 cm telescope has performed extremely well. 
Filters other than those used could very easily be incorporated 
into this instrument to define designated spectral bands for more 
serious photometry. Furthermore, the silicon p-n junction 
detector, which was finally chosen for use in the photometer, was 
found to be of sufficient sensitivity and well suited for the 
photometric measurement of bright visible stars in the chosen 
spectral range. 
The many advantages of solid state detectors relative to 
photomultiplier tubes has already been discussed in 
section 2.1.3. Of particular relevance to this study, are 
factors which point to the possible choice of a type of detector 
for use in the photometer. The larger, less rugged, and more 
expensive photomultipliers, which are often used in photometric 
studies, usually need to be cooled - particularly at longer 
wavelengths. Furthermore, they would be much more difficult to 
mount on the photometer xy micrometer, along with cooling 
facilities, than the smaller solid state devices which do not 
require cooling at these wavelengths. Clearly solid state 
detectors offer advantages over the more expensive, less compact 
and more difficult to mount photomultipliers, provided that 
appropriate signal processing electronics is available. 
On the other hand, although the photomultiplier needs a more 
elaborate power supply in order to be able to operate, its output 
signal is larger for a given input photon flux, which possibly 
permits the use of less sophisticated signal processing 
electronics. The photomultiplier tube is therefore more suited 
to the pulse counting of photons at lower photon fluxes than 
encountered in this work, provided of course that the photons are 
of wavelength less than about 1100 nm - the maximum useful 
wavelength for these devices if they are using SI photocathodes. 
Even so, the many advantages of solid state detectors over 
photomultipliers made them the prime choice for use in observing 
the brighter stellar sources referred to in this study. 
Although absolute measurements were not the aim of this 
work, it would appear that the equipment is quite capable of 
being used for the photometry of bright stars, provided that 
further attention is directed towards a number of possible 
problem areas. These are referred to below. 
The difficulties experienced in keeping the telescope 
aligned with the chosen star for a sufficiently long period of 
time point to a serious problem in need of resolution. Further 
improvement of the tracking ability of this instrument is of 
paramount importance if useful measurements are to be made. It 
is recommended that the alignment of the polar axis of the 
instrument with the South Celestial Pole should also be checked. 
Apart from any problems which may or may not exist with the drive 
motor, any misalignment of the polar axis could have accounted 
for the tracking difficulties experienced. 
A possible improvement to the finder telescope cross-hair 
illuminator might be made by adding the ability to blink the 
LED's - preferably at a selectable rate. This would permit 
alternate viewing of star and cross-hairs giving better 
superimposition of their images and consequent improvement in the 
ease of adjustment of the telescope orientation. 
If quantitative measurements are envisaged, then it would 
also be necessary to obtain knowledge of the transmission 
characteristics of the field lens and the extent of energy losses 
within the telescope. It may well be that both are negligible 
for the purposes to which the instrument is to be put, however 
neither factor is known at present. Additionally, the 
transmission characteristics of the 890 nm filter should be 
investigated, as already discussed in section 4.5. 
Since the atmospheric slant path varies as observation time 
passes, it has variable influence upon the amount of atmospheric 
extinction. This would therefore need to be taken into account 
in arriving at quantitative results. 
The effect (if any) of the matt black paint on the inner 
surface of the light box on radiation output received at the 
detector during laboratory measurements should be investigated. 
While it is believed that the box did not significantly influence 
the radiation seen by the detectors at the wavelengths 
considered, and while the box was most valuable in helping to 
keep the calibrated lamp at constant temperature, by protecting 
it from stray draughts, it may well have caused a deviation from 
the calibration curve for the lamp. A conical light trap, placed 
immediately behind the lamp, might also prove to be worthwhile. 
Another step which might be taken in the laboratory is the 
construction of an improved detector shield. The brass and 
aluminium inserts in the nylon or teflon detector holding plugs, 
as illustrated in figure 3.5, were not long enough to provide 
good shielding. Slight recessing of the detector windows in 




C PROGRAMME SIGNOIF 3 BY P.W. THOMPSON 
C A ZETA 130 PLOTTER IS USED TO DRAW GRAPHS OF RMS SIGNAL, 
C RMS NOISE, OR AREA NORMALIZED DETECTIVITY, VERSUS 
C FREQUENCY, FOR A GIVEN DETECTOR. 
C IN THE PROGRAMME, INB BLOCKS OF DATA (N DATA POINTS) ARE 
C ENTERED FROM DISK AND MANIPULATED BEFORE ENTERING THE 
C NEXT INB BLOCKS, AND SO ON, UNTIL FINALLY THE COMPUTATION 
C IS COMPLETE. THERE ARE THREE CONSECUTIVE SETS OF DATA 
C FOR EACH FREQUENCY, CONSISTING OF: 
C (1) SIGNAL DATA (N POINTS), RSIG, 
C (2) BACKGROUND DATA (N POINTS), RMSBG, 
C AND (3) AMPLIFIED NOISE DATA (N POINTS), RNOIS. 
C THE P.A.R. MODEL 1501 LOCK-IN AMPLIFIER SENSITIVITY 
C SETTING IS ASSUMED TO BE CONSTANT AND KNOWN FOR BOTH (1) 
C AND (2) ABOVE, BUT MAY ASSUME A DIFFERENT VALUE FOR (3). 
C SENSITIVITY SETTINGS ARE ENTERED VIA THE CONSOLE KEYBOARD. 
C THE FOLLOWING ARE COMPUTED FOR EACH OF THE M (UP TO 20) 
C FREQUENCIES : (1) RMS SIGNAL, 
C (2) RMS NOISE, AND 
C (3) THE RATIO RMS SIGNAL TO 
C RMS DETECTOR NOISE. 
C MAX RESPONSIVITY, MIN NOISE EQUIVALENT POWER (NEP), AND 
C MAX AREA NORMALIZED DETECTIVITY ARE ALSO CALCULATED. 
C NOTE THAT DATA FOR THE SIGNAL AND TWO SETS OF BACKGROUND 
C NOISE IS STORED SEQUENTIALLY, STARTING WITH SIGNAL DATA, 
C AND THAT THE MAX VALUE FOR N, SET BY ARRAY lARl, IS 1536. 
DIMENSION IAR1(1:1536),SIGNL(1:20) 
DIMENSION RSIG(1:20),RN0IS(1:20) 
DIMENSION RSN (1:20),IFREQ(1:20) 
DIMENSION SF(1:20),FREQ(1:20) 
DIMENSION IFN(12),IDET(12),NDD(12) 

















35 „ F0RMAT(2X,I2,4X,F12.5,6X,E12.5,6X,E12.5,12X,I4/) 







TYPE "NAME THE DISK FILE YOU WISH TO READ DATA FROM. 
( DP__:FILE NAME)" 
READ(11,10)IFN 
ACCEPT "NUMBER OF CHARACTERS IN THIS DISK FILE NAME?", IFC 
TYPE "NAME OF DETECTOR?(UP TO 12 CHARACTERS)" 
READ (11,10)IDET 
ACCEPT "NUMBER OF CHARACTERS IN THIS NAME?",INC 
ACCEPT "HOW MANY FREQUENCY READINGS?",M 
ACCEPT "HOW MANY DATA POINTS PER RUN?",N 
ACCEPT "LIA TIME CONSTANT (SEC)?",TCA 
FBW=0.25/TCA ; RECIPROCAL OF 4TC 





ACCEPT "SOURCE-DETECTOR DISTANCE (METRE)?",DEE 
DEESQ=DEE^^DEE 
OMEGA=ADET/DEESQ 
ACCEPT "FILTER PEAK WAVELENGTH (NM)",PWL 
ACCEPT "FILTER EQUIVALENT BANDWIDTH (NM)",EBW 
ACCEPT "PERCENT TRANSMISSION AT PEAK WAVELENGTH",TRA 
PTR=TRA/100. 
TYPE "NAME ANY NEUTRAL DENSITY FILTERS USED" 
READ (11,10)NDENS 
TYPE "PERCENT TRANSMISSION OF ND FILTERS AT THIS 
WAVELENGTH?" 
ACCEPT "IF NO FILTERS, ENTER 100.",XND 
PNDTR=XND/100. 
TYPE "FOR WAVELENGTH",PWL 




CHOPPER FACTOR: CHFA 
CHFA=0.45 
DENOM=AJAŶ 'OMEGÂ -EBŴ PTR̂ 'CHFA''̂ PNDTR 
XFAC=ANORM/DENOM 
; FACTOR XFAC CONVERTS S/N RATIO TO DSTAR 
WRITE(10,30) 
K=1 ; FREQUENCY COUNT 
L=0 ; BLOCKS COUNT 
; CALCULATE NUMBER OF BLOCKS 
INB=N/256 
ANB=FLOAT(N)/2 5 6.-FLOAT(INB) 
IF(ANB.NE.O) INB=INB+1 
60 ISB=L 
C PROCESS INB BLOCKS OF SIGNAL DATA 
CALL DSKRD(IFN,ISB,INB,IBK,$270) 
SUMS=0. 












RSIG(K)=VAR^^^0.5 ; RMS NOISE IN SIGNAL DATA 
C PROCESS INB BLOCKS OF BACKGROUND DATA 









SIGNL(K)=SMEAN-BMEAN ; MEAN SIGNAL-MEAN BACKGROUND 
L=L+INB ; INCREMENT BLOCKS COUNTER 
TYPE "STATE THE VALUE OF FREQUENCY (INTEGER)",K 
ACCEPT IFREQ(K) 
FREQ(K)=FLOAT(IFREQ(K)) 
C SET UP SCALING ARRAY FOR SIGNAL DVM READINGS 
TYPE "RSIG & RMSG" 
ACCEPT "NUMERICAL VALUE OF LIA SIG SENS 
SETTING? (FL PT)",VAL 
ACCEPT "UNIT FOR LIA SIG SENS SETTING? 
(MICR0V0LT=1,MILLIV0LT=2)",LIA 
IF(LIA.EQ.l) GO TO 80 
SI=1.0E-7 




C SCALING ARRAY SF(K) CONVERTS DVM SIGNAL NUMBERS TO VOLTS 
T0TAL=0. 






RMSBG(K)=TMEAN^'^^0.5 ; RMS NOISE IN BACKGROUND DATA 
C SET UP SCALING ARRAY FOR AMPLIFIED NOISE READING 
C LIA HAS ZERO OFFSET AND A GREATER INPUT SENSITIVITY 
TYPE "RNOI^" 
ACCEPT "NUMERICAL VALUE OF LIA AMP NOISE SETTING? 
(FL PT)",FIG 
ACCEPT "UNIT FOR LIA AMP NOISE SETTING? 
(MICROTI,MILLI=2)",LSS 
IF(LSS.EQ.l) GO TO 95 
SNU=1.0E-7 




C SCALING ARRAY SFA(K) CONVERTS DVM AMPLIFIED NOISE NUMBER 
TO VOLTS 















RNOIS (K) =EMEAN^-^0. 5 
L=L+INB 
K=K+1 
IF(K.LE.M) GO TO 60 ; REPEAT FOR M FREQUENCIES 
C COMMENCE SCALING 
DO 115 1=1,M 
RSIG(I)=RSIG(I)*SF(I) 
115 CONTINUE 
DO 120 1=1,M 
RMSBG(I)=RMSBG(I)^SF(I) 
120 CONTINUE 
SWI=1.800632 ; SQUARE WAVE FACTOR FOR INPUT TO LIA 
DO 125 1=1,M 
SIGNL(I)=SIGNL(I)^^SF(I) ; SIGNL : AT OUTPUT OF LIA 
SIGIN(I)=SIGNL(I)^SWI ; SIGIN : AT INPUT TO LIA 
RESP(I)=SIGIN(I)/DENOM 
125 CONTINUE 
C COMMENCE SCALING AMPLIFIED NOISE DATA 
DO 130 1=1,M 
RNOIS (I )=RNOIS (I )'''SFA( I) 
130 CONTINUE 
C CORRECT FOR LIA NOISE 
C CALCULATE DETECTOR NOISE 
WRITE(10,30) 




DNOIS ( J ) =DSQD ( J) . 5 
135 CONTINUE 
DO 140 J=1,M 
RSN(J)=SIGNL(J)/DNOIS(J) 
ANEP(J)=DENOM/RSN(J) 
DSTAR ( J ) =RSN ( J ) ̂'XFAC 
C UNIT FOR DSTAR: M (HZ)̂ -̂ 0.5 
140 CONTINUE 
WRITE(10,30) 
TYPE "CHOOSE GRAPH SCALE FACTOR FROM TABLES OF RESULTS" 
ACCEPT "DO YOU WISH TO TABULATE RESULTS?(IF YES 1)",TT 








TYPE "FILTER PEAK TRANSMISSION WAVELENGTH 
(NANOMETRE):",PWL 
TYPE 





DO 150 1=1,JJ 





DO 155 1=1,JJ 
IF(SNMAX.GE.RSN(I)) GO TO 155 
SNMAX=RSN(I) 
155 CONTINUE 
PMIN=DENOM/SNMAX ; MIN VALUE OF NEP 
DSMAX=DSTAR(M) 
DO 160 1=1,JJ 
IF (DSMAX.GE.DSTAR(I)) GO TO 160 
DSMAX=DSTAR(I) 
160 CONTINUE 
TYPE "MAXIMUM VALUE OF RESPONSIVITY (VOLT PER WATT) 
IS",REMAX 
TYPE 
TYPE "MINIMUM VALUE OF NOISE EQUIVALENT POWER (WATT) 
IS",PMIN 
TYPE 
TYPE "MAXIMUM VALUE OF AREA NORMALIZED DETECTIVITY" 
TYPE "(METRE SQUARE ROOT HERTZ PER WATT) IS",DSMAX 
WRITE (10,30) 
TYPE "RMS SIGNAL AND RMS NOISE CORRESPOND TO ACTUAL CHART 
RECORDS," 
TYPE "HOWEVER RMS S/N RATIO DOES NOT INCLUDE LIA NOISE." 
TYPE 
TYPE "RMS SIGNAL VERSUS FREQUENCY VALUES ARE PLOTTED" 
TYPE 
WRITE(10,40) 
C RSN(J) DOES NOT INCLUDE AMPLIFIER NOISE 












ACCEPT "COMPARE RMS NOISE IN BACKGROUND AND SIGNAL? 
(IF YES 1)",CC 
IF(CC.NE.l) GO TO 175 
WRITE(10,30) 
TYPE "TOTAL NOISE FROM AMPLIFIED BACKGROUND : RNOIS" 
TYPE 
WRITE(10,45) 




ACCEPT "COMPARE RMS NOISE IN LIA AND DETECTOR? 
(IF YES 1)",KN 
IF (KN.NE.l) GO TO 180 
WRITE(10,30) 
TYPE "DETECTOR NOISE VERSUS FREQUENCY VALUES ARE PLOTTED" 
TYPE 
WRITE (10,55) 




ACCEPT "DO YOU WANT TO PLOT?(IF YES 1)",KD 
IF(KD.NE.l) GO TO 270 
185 CONTINUE 
ACCEPT "HOW FAR UP Y AXIS WILL PLOT START?(2. OR 16.)",YS 
C SET UP PLOTTING ROUTINE 
CALL INITAL (6,100,28.,30.) 
CALL PL0T(0.,YS,3) 
; THE FOLLOWING STATEMENT REDEFINES THE ORIGIN 
CALL PL0T(0.,0.,0) 
CALL PL0T(0.,0.,3) 




: FRAME XLN CM WIDE, 10 CM HIGH 





ACCEPT "NUMBER OF Y AXIS LABELS? (INTEGER 9)NY)1)",NY 
: COMMENCE LABELLING FOR Y AXIS 
JJ=M-1 
WRITE(10,30) 
TYPE "PLOT RMS SIGNAL (TYPE 3), RMS NOISE (TYPE 2)" 
ACCEPT "OR DETECTIVITY? (IF DSTAR, TYPE 1)",JCH0I 
WRITE(10,30) 
TYPE "DIVIDE BY SCALING FACTOR" 
TYPE "CHOOSE Y AXIS SCALE FACTOR (USE E FORMAT)" 
READ (11,8)JFAK 
ACCEPT "NUMBER OF CHARACTERS IN THIS SCALE FACTOR?",JCHA 
ACCEPT "RESTATE Y AXIS SCALE FACTOR (FLOATING PT.)",RFAK 
WRITE (10,30) 
IF (JCHOI.EQ.l) GO TO 215 
IF (JCH0I.EQ.2) GO TO 200 
IMK=2 ; CHOOSE SYMBOL 
RSNHI=SIGNL(M) 
DO 190 1=1,JJ 




DO 195 1=1,JJ 
IF (SIGNL(I).GE.RSNLO) GO TO 195 
RSNLO=SIGNL(I) 
195 CONTINUE 
GO TO 225 
200 CONTINUE 
IMK=2 ; CHOOSE SYMBOL 
RSNHI=DNOIS(M) 
DO 205 1=1,JJ 




DO 210 1=1,JJ 
IF (DNOIS(I).GE.RSNLO) GO TO 210 
RSNL0=DN0IS(I) 
210 CONTINUE 
GO TO 225 
215 CONTINUE 
IMK=2 ; CHOOSE SYMBOL 
RSNHI=DSTAR(M) 
DO 220 1=1 , J J 




DO 225 1 = 1 , J J 





DO 230 1^1,NY ; DRAW Y TICKS AND LABELS 
KK=I-1 
DY= ( 10. / ( FLOAT ( NY ) +1. ) ) ̂ ^FLOAT ( I ) 
CALL P L 0 T ( 0 . , D Y , 3 ) 
CALL P L 0 T ( - 0 . 2 8 , D Y , 2 ) 
FLT=RSNLO+( DYY'^FLOAT (KK) ) / ( RFAK) 
CALL NUMBER ( - 0 . 3 5 , D Y , 0 . 2 1 , F L T , 9 0 . , 0 ) 
230 CONTINUE 
C COMMENCE LABELLING FOR X AXIS 
DO 250 1=1,M ; DRAW X TICKS AND LABELS 
DX= ( XLN / ( FLOAT ( M ) +1. ) ) ̂ 'FLOAT ( I ) 
CALL P L O T ( D X , 0 . , 3 ) 
CALL P L 0 T ( D X , - 0 . 2 8 , 2 ) 
FLT=FREQ(I) 
C NUMBER X AXIS 
CALL N U M B E R ( D X , - 0 . 5 6 , 0 . 2 1 , F L T , 0 . , 0 ) 
C PLOT POINTS (DX,SY) 
YL0=10./(FL0AT(NY)+1.) 
IF ( J C H O I . E Q . l ) GO TO 240 
IF U C H O I . E Q . 2 ) GO TO 235 
SY=YL0+((SIGNL(I)--RSNL0)/SNRNG)^'(10.-(20./(FL0AT(NY)+l.))) 
GO TO 245 
235 CONTINUE 
SY=YLO+((RNOIS(I)-RSNLO)/SNRNG)*(10.-(20./(FLOAT(NY)+1.))) 








C LABEL AXES 
CALL SYMBOL(XLB,-1.47,0.42,"FREQUENCY ( H Z ) " , 0 . , 1 4 ) 
CALL S Y M B 0 L ( - 0 . 9 1 , 2 . 7 0 , 0 . 2 1 , " S C A L E FACTOR : X " , 9 0 . , 1 7 ) 
CALL S Y M B 0 L ( - . 9 1 , 5 . 8 8 , 0 . 2 1 , J F A K , 9 0 . , J C H A ) 
I F ( J C H O I . E Q . l ) GO TO 260 
IF(JCH0I.EQ.2) GO TO 255 
CALL SYMB0L(-1.40,2.70,0.42,"RMS SIGNAL",90.,10) 
GO TO 265 
255 CONTINUE 
CALL SYMB0L(-1.40,2.70,0.42,"RMS NOISE",90.,9) 
GO TO 265 
260 CONTINUE 
CALL SYMB0L(-1.40,2. 70,0.42, "DETECTIVITY ^'",90., 13) 
265 CONTINUE 






TYPE "DATA DISK NUMBER? (DISK: __)" 
READ(11,10)NDD 
ACCEPT "NUMBER OF CHARACTERS IN THIS LABEL?",ILC 
TYPE "ANY SPECIAL COMMENTS?(UP TO 24 CHARACTERS)" 
READ(11,20)JC0M 
ACCEPT "NUMBER OF CHARACTERS IN THIS COMMENT?",ICC 






ACCEPT "WOULD YOU LIKE ANOTHER PLOT? (IF YES 1)",AP 
IF(AP.NE.l) GO TO 280 
GO TO 185 
270 CONTINUE 
ACCEPT "WOULD YOU LIKE ANOTHER TABLE OF RESULTS? 
(IF YES 1)",RT 
IF(RT.NE.l) GO TO 275 
GO TO 145 





Radiation modulator 823A 
Modulator speed control 803 
Constant current 
power supply 80-33B 
Lock-in amplifier 5101 
Wave analyser 3581A 
XY plotter PLIOOO 
Chart recorder XL682 
Test oscillator 651A 
Photometer chopper 7500 
Photometer 
chopper display 7501 
Power supply TF2154/1 
Spectrophotometer EPS-3T 
Spectrophotometer 17 
Digital voltmeter AD2024 
(modified) 
True rms meter 3400A 
Digital computer 9825A 
Digital computer 3 
Digital 
frequency meter 5314A 
Potentiometer E4246 
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